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Oxygen and lipid homeostases require the sterol regulatory element-binding protein 
(Sre1) in Schizosaccharomyces pombe. Sre1 is cleaved to release the N-terminal basic 
helix-loop-helix (bHLH) transcription factor Sre1N when oxygen or ergosterol levels fall. 
Sre1N is regulated by the import adaptor Nro1 and the prolyl dihydroxylase Ofd1, 
together with the Ofd1 substrate, pre-ribosomal uS12/Rps23. This dissertation shows that 
Nro1 imports Rps23 with Ofd1. The Ofd1-Rps23-Nro1 complex is stabilized when Ofd1 
is unable to dihydroxylate Rps23 P62, a condition that occurs during hypoxia. As a result, 
Ofd1 is prevented from down-regulating Sre1N under low oxygen. In support of this 
model, I identified a common Ofd1 binding site in Nro1, Rps23, and Sre1N, and show 
that Ofd1-dependent dihydroxylation of Rps23 P62 is aberrant in the absence of Nro1. 
Since ribosomal protein expression and ribosome biogenesis respond to cellular growth 
conditions, this mechanism, in theory, allows the nutritional state to tune Sre1 signaling 
by controlling Ofd1 availability. Finally, my work provides a paradigm for how other 
ribosomal oxidases may function. 
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Oxygen is essential for eukaryotic cell growth and drove the evolution of multicellular 
life following its accumulation in the atmosphere 2.4 billion years ago (Kerr, 2005). 
Oxygen increases the efficiency of ATP synthesis in its role as the terminal electron 
acceptor in oxidative phosphorylation. Furthermore, aerobic metabolic networks are both 
more expansive and complex relative to anoxic networks (Raymond and Segrè, 2006). 
And in multicellular organisms, gradients of oxygen tension serve regulatory roles 
(Simon and Keith, 2008).  
The importance of oxygen for human health is reinforced by the body’s rapid 
physiological response to decreased atmospheric oxygen. Ambient air contains 21% 
oxygen at sea level and oxygen concentrations vary widely across cell types, with the 
majority ranging from 3-10% (Carreau et al., 2011). The pulmonary-cardiovascular 
system delivers oxygen throughout the body in red blood cells (RBC), and a reduction in 
atmospheric oxygen from 21% to 17.3%, which occurs at roughly 1500 m above sea level, 
is sufficient to induce a low oxygen (hypoxic) response (Baze et al., 2010). 
Unsurprisingly, acute oxygen deprivation affects the cardiovascular system 
immediately. In response to reduced blood oxygen levels, heart rate increases to circulate 
more blood in an effort to reoxygenate cells (Naeije et al., 1982). At the same time, 
breathing frequency increases, as does the volume of air per breath (Grimminger et al., 
2017). After several hours, RBC concentration spikes as blood plasma levels fall due to 
dehydration from rapid breathing and increased urine production (Tannheimer et al., 
2010; Greenleaf et al., 2001). Levels of the hormone erythropoietin (EPO) increase 
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within 1-2 days to stimulate RBC production in the bone marrow and, consequently, 
elevated RBC levels are detected 3-4 weeks later (Sawka et al., 1996; Basu et al., 2007). 
With the exception of high RBC levels, these dramatic responses are typically 
short-lived. After several days, the body acclimatizes to the reduction in atmospheric 
oxygen and both cardiac output and breathing frequency return to normal. Within one 
week, circulating EPO levels drop back to baseline levels (Grimminger et al., 2017; Weil 
et al., 1971; Sawka et al., 1996).  
The rapid and transient increase in EPO concentration under hypoxic conditions 
led to the discovery of the transcription factors that activate EPO expression (Semenza et 
al., 1991). Termed Hypoxia-Inducible Factors (HIFs), these proteins activate many genes 
in addition to EPO to control the transcriptional response to low oxygen in cells 
throughout the body (Wang and Semenza, 1993; Maxwell et al., 1993). HIF targets 
include genes that code for glucose transporters, glycolytic enzymes, and angiogenic 
factors such as VEGF, to name a few (Liu et al., 2012). The regulation of the HIFs is 
discussed in greater detail in the following section.  
In contrast to the system-wide hypoxic response induced by high altitude, low 
blood flow (ischemia) and inflammation create regions of local hypoxia in the body 
(Cummins et al., 2016). Inflammatory cells require oxygen to generate reactive oxygen 
species for release in oxidative bursts (Campbell et al., 2014). This oxygen consumption 
is sufficient to induce a hypoxic response in neighboring cells. In blood vessels, the 
accumulation of inflammatory cells can lead to the formation of plaques that stiffen the 
vessel and block blood flow (Bobryshev et al., 2017). Inversely, ischemia can induce 
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inflammation, as seen in the brain following stroke (Iadecola and Alexander, 2001). The 
interplay between these processes exacerbates the cellular damage caused by hypoxia. 
Unicellular eukaryotes experience changes in oxygen availability as well, and 
evolved mechanisms for hypoxic growth. The fungus Aspergillus fumigatus grows in 
normoxic environments (i.e. 21% oxygen) but also thrives in compost where the oxygen 
concentration is less than 1.5% (Wang et al., 2007). This adaptability to hypoxia is also 
central to the virulence of many pathogenic fungi, including A. fumigatus (Chang et al., 
2007; Willger et al., 2008). Immunocompromised hosts are susceptible to fungal invasion 
and the sites of infection are typically hypoxic (Ibrahim-Granet et al., 2010). When 
fungal hypoxic adaptation is blocked, these pathogens are unable to colonize (Bien and 
Espenshade, 2010).  
The pathway for hypoxic adaptation in the fission yeast Schizosaccharomyces 
pombe is widely shared across higher fungi and detailed later in this introduction. While 
the fungal and mammalian systems are not conserved, they both involve broad 
transcriptional responses mediated by transcription factors that are inhibited by oxygen-
dependent enzymes. In contrast, the budding yeast Saccharomyces cerevisiae uses heme-
dependent transcription factors to regulate hypoxic gene expression (Pfeifer et al., 1987). 
Heme biosynthesis requires oxygen therefore its levels reflect oxygen availability (Hon et 
al., 2003). 
This introduction describes the oxygen sensing pathways in mammals and fission 
yeast that are controlled by oxygen-dependent enzymes, and my thesis work focuses on 
the role of these enzymes in the fungal system.  
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OXYGEN SENSING IN MAMMALIAN CELLS 
The master coordinators of hypoxic adaptation in mammals are the HIFs. These basic 
helix-loop-helix (bHLH) transcription factors form a heterodimer under low oxygen that 
consists of an α and ß subunit (Wang and Semenza, 1995).  
While HIFß (also known as the aryl hydrocarbon receptor nuclear translocator, 
ARNT) is stably expressed, the HIFα subunits are constantly synthesized and degraded in 
the presence of oxygen (Fig 1.1) (Pugh et al., 1997). Both the asparaginyl hydroxylase 
Factor Inhibiting HIF (FIH) and the Prolyl Hydroxylase Domain (PHD) proteins are 
oxygen-dependent enzymes that modify HIFα to prevent HIF signaling during normoxia 
(Kaelin and Ratcliffe, 2008). FIH hydroxylates an asparagine residue to block HIFα 
binding to p300, a transcriptional co-activator (Hewitson et al., 2002; Lando et al., 2002). 
The PHDs hydroxylate two proline residues that convert the subunit into a substrate for 
the von Hippel-Lindau protein, an E3-ligase (Maxwell et al., 1999; Ivan et al., 2001; 
Jaakkola et al., 2001; Yu et al., 2001). This leads to polyubiquitination and proteasomal 
degradation of HIFα.  
Under hypoxic conditions, the PHDs and FIH are unable to hydroxylate HIFα 
(Ivan et al., 2001; Jaakkola et al., 2001; Yu et al., 2001). The stabilized subunit dimerizes 
with HIFß and traffics to the nucleus where it binds hypoxia response elements (HRE) 
upstream of target genes (Wenger and Gassmann, 1997). The critical role of the PHDs in 
controlling HIFα stability causes many in the field to argue that these enzymes act as 
direct sensors of intracellular oxygen, and this viewpoint is further supported by 
enzymology studies on PHD kinetics (Ratcliffe, 2013). For recombinantly-expressed 
PHD2, the Km for O2 is ~100 μM (10% O2) using HIF1α aa 356-603 as a substrate 
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(Koivunen et al., 2006). Since cytosolic oxygen is ~ 2.5%, these studies showed that 
PHD2 activity is sensitive to changes in intracellular oxygen levels (Ward, 2008). The use 
of truncated rather than full-length HIF1α could affect the enzyme kinetic measurements, 
but the in vitro data overall are consistent with the PHDs having the ability to act as 
oxygen sensors. 
 However, other studies hypothesize that the oxygen sensor exists upstream of the 
PHDs, at the mitochondria. Mitochondria are appealing oxygen sensors since they 
consume the largest amount of intracellular oxygen and therefore are susceptible to 
reductions in oxygen availability. Studies in cells that lack functional mitochondria do 
not respire, consume less oxygen than normal cells, and fail to activate HIF under low 
oxygen (Chandel et al., 1998). The defect in HIF signaling is recapitulated in wild-type 
cells when the electron transport chain (ETC) is inhibited, and HIF signaling is rescued 
with the addition of exogenous hydrogen peroxide, an oxidizing agent (Guzy et al., 2005). 
Since the ETC generates reactive oxygen species (ROS), these data support a model in 
which ROS signal to HIF through the PHDs under low oxygen. The finding that cells 
treated with antioxidants fail to stabilize HIFα under low oxygen provided further 
evidence for ROS-dependent inhibition of the PHDs; however, the mechanism by which 
ROS alter PHD activity remains unclear (Klimova and Chandel, 2008). 
Studies on the asparaginyl hydroxylase FIH showed that ROS inhibit 
hydroxylation of HIFα in vivo (Masson et al., 2012). Cells treated with as little as 0.5 μM 
peroxide showed loss of asparaginyl hydroxylation, and incubation with 10 μM peroxide 
completely inhibited FIH after only 5 min. This ROS-dependent inhibition persisted 
following removal of the peroxide which suggests that ROS irreversibly inhibit 
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oxygenase activity, likely by causing extensive oxidative damage to FIH. The slow 
recovery of oxygenase activity following peroxide treatment, as well as the relative 
insensitivity of the PHDs to peroxide compared to FIH, argue against ROS-dependent 
inhibition as the sole mechanism for HIFα stabilization under hypoxia.     
The debate in the field regarding the identity of the oxygen sensor emphasizes the 
importance in understanding how HIF activity is controlled. In the context of cancer 
biology, HIF activation indicates a poor prognosis since radiation therapy depends on the 
oxygen-dependent generation of ROS (Meneses and Wielockx, 2016). In addition, HIF 
target genes enable cancer cell growth in poorly oxygenated environments. Many 
therapeutics target the PHDs, and their enzymology is discussed in more detail in the 
following section. 
OXYGENASES 
Both FIH and the PHDs belong to a superfamily of non-heme, Fe(II)-dependent 
oxygenases that are conserved across all three domains of life (Kundu, 2012). These 
enzymes use 2-oxoglutarate (2OG) and dioxygen to modify their primary substrates and 
release succinate and CO2 as byproducts. In addition to hydroxylations, these enzymes 
catalyze a variety of reactions, including ring-formations (e.g. epoxidations), 
halogenations, and desaturations (Hausinger, 2015).  
Oxygenases share a highly conserved double-stranded beta helix fold in which 
iron is coordinated by a HxH..D/E catalytic triad. These residues are essential for 
oxygenase activity, as demonstrated in the HIF pathway, where mutations in the PHD 
catalytic residues prevent down-regulation of HIF activity (Bruick and McKnight, 2001; 
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Rabinowitz, 2013). There is evidence, however, that a subset of oxygenases require only 
two His-residues to ligate the Fe(II) ion, and some enzymes (e.g. FIH) retain catalytic 
activity when the carboxylate (D/E residue) is mutated (Hewitson et al., 2008).  
The consensus hydroxylation mechanism for Fe(II) bound to a 2-His-1-
carboxylate triad can be divided into two reactions: (1) oxidative decarboxylation of 2OG 
to form an iron-oxo intermediate (Fig 1.2, steps 1-6), and (2) resolution of the high 
energy intermediate by hydroxylation of the protein substrate (Fig 1.2, steps 6-8) 
(Martinez and Hausinger, 2015). Following the binding of 2OG and the protein substrate 
to the Fe center and the active site of the enzyme, respectively (steps 2-3), a site is created 
for O2 to bind Fe (step 4). Formation of an Fe(III)-oxo species is followed by the 
decarboxylation of 2OG to succinate and the release of CO2 (step 5). The resulting 
Fe(IV)-oxo (ferryl) intermediate attacks the protein substrate (step 6) which creates a 
radical (step 7) that rebounds to form the hydroxylated product (step 8). Protein substrate 
binding is thought to precede O2 binding to prevent the formation of a highly reactive 
ferryl intermediate in the absence of an appropriate target (Rabinowitz, 2013). In this 
situation, the decarboxylation and hydroxylation reactions are uncoupled, and the Fe(IV)-
oxo species can damage the enzyme, causing auto-inhibition. Oxygenases are also 
inhibited by 2OG analogs (e.g. N-oxalylglycine) that cannot be oxidized to succinate and 
CO2, and the TCA metabolites succinate and fumarate are potent inhibitors as well 
(Jaakkola et al., 2001; Laukka et al., 2016).  
Since 2OG is a co-substrate, oxygenases could potentially act as intracellular 2OG 
sensors. Like the oxygenase inhibitors succinate and fumarate, 2OG is a TCA cycle 
intermediate that also functions as the carbon backbone for nitrogen assimilation (Huergo 
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and Dixon, 2015). Consequently, 2OG levels fluctuate in response to changes in nitrogen 
and carbon, showing an inverse relationship to ammonium concentration and a direct 
relationship to glucose levels. This raises the possibility that 2OG concentration – and 
potentially 2OG-dependent oxygenase activity – reflects the energy state of the cell. 2OG 
concentration across various tissues ranges from 0.6 - 2.7 mM (Thirstrup et al., 2011). 
Measurements on PHD2 kinetics, however, showed that the enzyme has an extremely 
high affinity and very low Km for 2OG (0.4-1 μM). Therefore, it is unlikely that PHD2 
activity is affected by changing 2OG levels. It remains to be determined if the low Km for 
2OG is characteristic of all oxygenases or whether 2OG-dependent oxygenases exist with 
higher Km.  
Because multiple metabolites signal to oxygenases (2OG, O2 as substrates; 
succinate, fumarate, ROS as inhibitors), systematic enzymology studies are necessary to 
determine which inputs have the greatest direct effect on oxygenase activity in the cell. In 
the case of HIFα regulation by the PHDs and FIH, hypoxia-induced reductions in the co-
substrate oxygen combined with the generation of mitochondrial ROS likely exert an 
additive impact on oxygenase activity in vivo. But apart from the metabolic inputs, 
oxygenase activity can also be shaped by the concentration of the primary substrate.  
In addition to HIFα, studies showed that FIH hydroxylates the asparagine residue 
in ankyrin repeat domains (ARD), a wide-spread domain that mediates protein-protein 
interactions (Cockman et al., 2009). While ARD-containing proteins function in a variety 
of pathways, the effect of FIH-dependent hydroxylation on those functions remains 
poorly understood. Since the biological significance of HIFα hydroxylation is clear, this 
has led to speculation that the ARD substrate pool functions mainly to shape the FIH-
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HIFα interaction by limiting FIH availability (Schmierer et al., 2010). Theoretical models 
predict that competition among ARD proteins and HIFα for FIH affects the hypoxic 
response, and that targeting the ARD-FIH interaction alters HIFα hydroxylation 
dynamics. This indirect effect on HIF signaling emphasizes the importance of non-HIFα 
substrates for controlling PHD/FIH oxygenase activity, and is of particular interest for its 
potential applicability to other systems, including fungal hypoxic adaptation.   
While the mammalian and fungal pathways for maintaining oxygen homeostasis 
are evolutionarily divergent, they share regulation by 2OG-dependent oxygenases. The 
mechanisms behind that regulation, however, are distinct. 
OXYGEN SENSING IN FISSION YEAST 
In S. pombe, the adaptive response to low oxygen is mediated by the sterol regulatory 
element-binding protein (SREBP) homolog Sre1 (Hughes et al., 2005). SREBP 
transcription factors control both cholesterol and fatty acid homeostasis in mammals, and 
likewise Sre1 responds to changes in ergosterol, the fungal equivalent of cholesterol 
(Espenshade and Hughes, 2007). In contrast to mammalian cells, fission yeast does not 
take up sterols and instead must synthesize ergosterol to meet cellular demand. This 
process requires 12 molecules of oxygen per molecule of ergosterol. Therefore, 
ergosterol biosynthesis is impacted by low oxygen conditions. The cell adjusts by 
upregulating key enzymes in order to increase flux through the pathway and this 
upregulation is Sre1-dependent (Todd et al., 2006). 
Upon sterol depletion, Sre1 is activated by proteolytic cleavage to release its N-
terminus (Fig 1.3) (Hughes et al., 2005). SREBP family members are synthesized as ER 
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membrane-bound precursor molecules (Espenshade and Hughes, 2007). Reduced 
ergosterol production under hypoxia promotes trafficking of the precursor to the Golgi 
where the Dsc E3-ligase complex, Cdc48, and a rhomboid protease Rbd2 process Sre1 to 
free the N-terminal bHLH transcription factor (Porter et al., 2010; Stewart et al., 2011; 
Hwang et al., 2016). This cleaved, soluble fragment is termed Sre1N, and it binds SRE 
sequences in DNA as a homodimer to promote growth under low oxygen. Sre1N also 
activates its own transcription, and this positive feedback loop rapidly amplifies Sre1N 
signaling (Hughes and Espenshade, 2008). 
In normoxia, the Sre1N half-life is approximately 6 minutes (Hughes and 
Espenshade, 2008). The rapid down-regulation of Sre1N protein levels, and by extension 
Sre1N signaling, allows the cell to quickly adapt to changing environmental conditions. 
The main regulator responsible for shutting off Sre1N transcriptional activity is the prolyl 
hydroxylase Ofd1. This enzyme, like the PHDs and FIH that control HIFα, is a non-heme, 
Fe(II)-dependent oxygenase whose deletion results in an extended Sre1N half-life in the 
presence of oxygen (Hughes and Espenshade, 2008).   
In cells that directly synthesize Sre1N rather than the membrane-bound precursor 
(i.e. sre1N cells), deletion of Ofd1 leads to continual Sre1N signaling in the presence of 
oxygen (Hughes and Espenshade, 2008). Ofd1 negatively regulates Sre1N by (1) 
accelerating its degradation, and (2) blocking DNA-binding. Ofd1 prevents DNA-binding 
by interacting with the bHLH domain in Sre1N (Lee et al., 2011; Porter et al., 2012). 
Under hypoxic conditions, the inhibition of Sre1N by Ofd1 is lifted and accompanied by 
increased binding between Ofd1 and the fungal-specific protein Negative regulator of 
Ofd1-1, or Nro1 (Lee et al., 2009). 
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 As connoted by its name, Nro1 prevents Ofd1 from interacting with Sre1N and 
consequently functions as a positive regulator of Sre1N signaling (Lee et al., 2009; Lee et 
al., 2011). In the absence of Nro1, cells are unable to activate Sre1-dependent gene 
expression due to perpetual down-regulation by Ofd1. Overexpression of Nro1 in sre1N 
cells activates Sre1N in the presence of oxygen, likely by promoting Ofd1-Nro1 binding 
at the expense of the Ofd1-Sre1N interaction. These data support a competition model in 
which Ofd1 constitutively blocks Sre1N activity unless bound to Nro1. 
In addition to its role as a protein inhibitor of Ofd1, Nro1 is required for Ofd1 
localization. In wild-type cells, both proteins are concentrated in the nucleus (Hughes and 
Espenshade, 2008; Lee et al., 2009). But in the absence of Nro1, Ofd1 shows diffuse 
localization throughout the cell. The crystal structure of Nro1 reveals an all alpha-helical 
fold consisting of HEAT repeats similar to that of karyopherins (Fig 1.4A) (Yeh et al., 
2011). Taken together, these results suggest that Nro1 functions as an importer for Ofd1. 
But the inhibitory function of Nro1 with respect to Ofd1 appears to be separate from its 
nuclear import function since the restoration of Ofd1 nuclear localization failed to rescue 
Sre1N regulation in nro1∆ cells (Yeh et al., 2011). 
This model for Sre1N regulation by Ofd1 and Nro1 is summarized both 
qualitatively and quantitatively in Figure 1.5. Briefly, Nro1 imports Ofd1 into the 
nucleus where Ofd1 binds Sre1N to prevent DNA-binding in the presence of oxygen 
(Fig 1.5A). Under hypoxic conditions, Ofd1-Nro1 binding is stabilized which frees 
Sre1N to bind SRE sequences to upregulate its own transcription in addition to genes for 
growth under low oxygen (Fig 1.5B). Equilibrium expressions demonstrate more clearly 
the effect of protein overexpression or deletion on Sre1N regulation (Fig 1.5C). 
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For example, Nro1 overexpression increases the concentration of free Nro1 which 
elevates Nro1:Ofd1 dimer levels (reaction 1). Consequently, free Ofd1 levels drop, 
which reduces the binding between Sre1N and Ofd1 (reaction 2). However, these models 
fail to explain (1) how oxygen stabilizes the interaction between Ofd1 and Nro1, and (2) 
the role of Ofd1 oxygenase activity. This latter point is of particular interest since the 
enzyme activity is essential for Ofd1 to regulate Sre1N in response to oxygen 
availability. Furthermore, treatment of sre1N cells with an oxygenase inhibitor turns on 
Sre1N signaling and promotes Ofd1-Nro1 binding (Hughes and Espenshade, 2008; Lee 
et al., 2009). This result is similar to the HIFα stabilization that occurs upon inhibition of 
the PHDs in mammalian cells (Jaakkola et al., 2001). However, the mechanism that 
governs PHD-dependent regulation of HIFα is not conserved in the Ofd1-dependent 
regulation of Sre1N.  
The major difference between the fission yeast and mammalian systems is that 
Ofd1 negatively regulates Sre1N by blocking DNA-binding, and this function does not 
require Ofd1 enzyme activity (Lee et al., 2011). In fact, expression of the non-
enzymatic C-terminus is sufficient for Ofd1 to down-regulate Sre1N, and mutating the 
Fe-binding residues in the Ofd1 active site leads to persistent inhibition of Sre1N 
signaling irrespective of oxygen concentration (Hughes and Espenshade, 2008). While 
these findings do not rule out Sre1N as an enzymatic substrate of Ofd1, they do show 
that Ofd1-dependent hydroxylation of Sre1N is not necessary for Ofd1 to prevent DNA-
binding. This sharply contrasts with oxygen-sensing in mammals where HIFα is the 
enzyme substrate of the PHDs and the hydroxylated residues are recognized by the 
ubiquitin-proteasome system (Kaelin and Ratcliffe, 2008).  
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Furthermore, despite binding directly to one another, Ofd1 most likely does not 
hydroxylate Nro1 either. Nro1 protein levels are stable over both time and oxygen 
concentrations which is significant since studies indicate that hydroxylation is an 
irreversible modification (Singleton et al., 2011; Porter et al., 2012). So, if Ofd1 
hydroxylates Nro1, presumably over time Nro1 would lose its ability to inhibit Ofd1 in 
response to hypoxia.  
While Sre1N and Nro1 are probably not Ofd1 substrates, an Ofd1 substrate likely 
exists since enzyme-dead Ofd1 mutants no longer regulate Sre1N in an oxygen-
dependent manner, suggesting that the oxygenase activity is acting on some target. 
Studies on Ofd1 homologs provide additional evidence in support of an Ofd1 substrate 
and are discussed in the following section. 
OFD1 HOMOLOGS 
Ofd1 homologs are broadly conserved in fungi and metazoans, and humans express the 
single homolog OGFOD1 (Hughes and Espenshade, 2008). Crystal structures of these 
enzymes reveal double-stranded beta helix folds in both the N- and C-terminal domains 
which are characteristic of dioxygenase active sites; however, only the N-terminal 
domain contains an intact catalytic triad that is able to bind the cofactor Fe(II) (Fig 1.4B) 
(Kim et al., 2010; Henri et al., 2010; Horita et al., 2015). The N-terminus is more highly 
conserved across Ofd1 homologs compared to the C-terminus, and the latter domain 
mediates the interactions between Ofd1 and both Sre1N and Nro1 in S. pombe (Hughes 
and Espenshade, 2008; Lee et al., 2009). Consequently, Ofd1 regulatory function is not 
expected to be conserved.  
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The Ofd1 homolog in S. cerevisiae - Tpa1 - functions in the context of 
translation. Tpa1 (Termination and polyadenylation) was identified in a screen for 
deletion mutants that prevent the rescue of stop-codon readthrough (Keeling et al., 2006). 
tpa1∆ cells more frequently fail to terminate protein synthesis and contain mRNA with 
extended polyA tails and longer half-lives.  
Surprising, the loss of the Nro1 homolog Ett1 (Enhancer of translation 
termination) results in the same stop codon read-through phenotype associated with loss 
of Tpa1. ett1∆ cells display a slightly less severe defect compared to tpa1∆ cells; 
however, these proteins likely function in the same pathway since ett1∆ tpa1∆ double 
mutants phenocopy tpa1∆ cells with respect to the frequency of read-through. Even more 
exciting, expression of the enzyme-dead Tpa1 mutant failed to rescue the termination 
defect (Rispal et al., 2010). This indicates that a product of Tpa1-dependent 
hydroxylation likely mediates the stop codon read-through phenotype. Whether that 
product is conserved in fission yeast is unclear, particularly since tpa1∆ and ett1∆ cells 
display the same translation phenotype while ofd1∆ and nro1∆ cells display opposing 
Sre1N phenotypes (Keeling et al., Rispal et al., 2010; Hughes and Espenshade, 2008; Lee 
et al., 2009).  
In contrast to fungi, mammalian cells lack an obvious Nro1/Ett1 homolog. The 
absence of a functionally similar protein is underscored by the evolution of a nuclear 
localization signal in OGFOD1 such that its nuclear import may not rely upon an Nro1 
homolog (Saito et al., 2010). Mammalian OGFOD1, like the fungal enzymes, is not 
essential, and was first characterized as a component of stress granules (Wehner et al., 
2010). These cytosolic compartments form in response to cellular stress (e.g. oxidative, 
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heat, ischemic, metal, etc) and are thought to promote cell recovery by protecting mRNA, 
ribosomal subunits, and other translation-related molecules from damage (Mahboubi and 
Stochaj, 2017). Following exposure to arsenite, which causes protein synthesis to stall, 
OGFOD1 colocalizes with and binds to stress granule components (Wehner et al., 2010). 
Whether OGFOD1 enzyme activity is required for its assembly into stress granules is 
unclear. 
In an effort to identify OGFOD1/Ofd1 enzyme substrates, Wei Shao performed a 
yeast two-hybrid screen shortly before I joined the lab. OGFOD1 was used as bait and a 
library of human fetal brain cDNA served as prey. The overwhelming majority of hits 
were for the small ribosomal protein uS12 and it was the only ribosomal protein 
identified. This finding was both unexpected and exciting given that ribosomal proteins 
(~80 in eukaryotes) mainly function in the context of protein synthesis where the 
majority serve as structural constituents of the ribosome (Woolford and Baserga, 2013). 
uS12 is unique due to its location in the decoding center where codon-anticodon 
interactions take place and its well defined role in determining translational fidelity 
(Gorini, 1969; Sharma et al., 2007). Because Tpa1 enzyme-dead cells are defective in 
stop codon recognition, which occurs in the decoding center, uS12 was a promising 
candidate for OGFOD1 hydroxylation (Rispal et al., 2010). 
My goal upon joining the lab was to identify a bona fide enzyme substrate of 
Ofd1. Based on the yeast two-hybrid screen and studies on Ofd1 homologs, I 
hypothesized that Ofd1 hydroxylates uS12.  
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THESIS AIMS 
Ofd1 was a “putative” prolyl hydroxylase when I began my thesis work, and the function 
of Ofd1 enzyme activity in Sre1N regulation remained unclear, albeit essential for 
oxygen-dependent control of Sre1N signaling. The lab previously identified uS12 as a 
potential substrate for Ofd1 and its human homolog OGFOD1. Thus, my thesis work 
aimed to (1) confirm/characterize uS12 as an Ofd1 substrate and (2) determine the role of 
the Ofd1-uS12 interaction in the context of Sre1N regulation in S. pombe.  
17
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FIGURE LEGENDS 
Figure 1.1. Regulation of HIFα by PHD and FIH 
In the presence of oxygen, PHD and FIH use dioxygen to hydroxylate proline and 
asparagine residues, respectively, on HIFα. The latter modification prevents binding 
between HIFα and p300. The hydroxylated proline residues create a high-affinity binding 
site for the E3-ligase VHL which ubiquitinylates HIFα and results in proteasomal 
degradation. Low oxygen inhibits oxygenase activity. The unmodified HIFα subunit 
dimerizes with HIFß and binds HREs with the co-activator p300 to drive gene expression 
for hypoxic growth.  
Figure 1.2. Catalytic mechanism for hydroxylation 
The consensus mechanism for 2OG-dependent hydroxylation requires coordination of 
Fe(II) in the enzyme active site by a 2-His-1-carboyxlate triad (HxH…D/E). 2OG binds 
the iron center followed by dioxygen to generate a high energy ferryl intermediate (5) 
that leads to the decarboxylation of 2OG and the hydroxylation of the primary substrate. 
CO2 and succinate are released as byproducts. 
Figure 1.3. Sre1 pathway 
The SREBP homolog Sre1 coordinates the fission yeast response to low oxygen. Sre1 is 
inserted into the ER-membrane following synthesis. Hypoxia and/or sterol depletion 
promotes trafficking of this inactive precursor to the Golgi where it is cleaved in a 
process requiring the Dsc complex, Rbd2, and Cdc48. The N-terminal fragment forms a 
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homodimer and binds sterol regulatory elements (SRE) upstream of genes that 
facilitate low oxygen/sterol adaptation. 
Figure 1.4. Nro1 and OGFOD1 crystal structures 
(A) Crystal structure of Nro1 (pdb 3MSV) (Yeh et al., 2011). (B) Crystal structure of 
the Ofd1 homolog OGFOD1 bound to the 2OG analog N-oxalylglycine (pdb 4NHX) 
(Horita et al., 2015). Both the N-terminal domain (magenta) and the C-terminal domain 
(green) form double-stranded beta helices; however, only the N-terminus binds Fe(II) 
and is enzymatically active.    
Figure 1.5. Model for Sre1N regulation by Ofd1 and Nro1 
(A) Nro1 localizes Ofd1 to the nucleus where Ofd1 inhibits Sre1N signaling in the 
presence of oxygen. Ofd1 accelerates Sre1N degradation and, more importantly, blocks 
DNA-binding. (B) During hypoxia, Ofd1-Nro1 affinity increases to the extent that Ofd1 
is unable to effectively block DNA-binding by Sre1N. Sre1N upregulates its own 
expression in addition to genes required for hypoxic adaptation. This positive feedback 
loop rapidly amplifies Sre1 signaling. (C) Ofd1 binding to Nro1 and Sre1N can be 


























































































































Adapted from Martinez and Hausinger, 2015


























            37
Nro1 + Ofd1 Nro1:Ofd1
Figure 1.5
A. Sre1N regulation: +O
B. Sre1N regulation: -O
Sre1N:Ofd1Ofd1 + Sre1N
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CHAPTER 2 
THE REGULATION OF HYPOXIC ADAPTATION THROUGH COUPLED 
PROLYL DIHYDROXYLATION AND NUCLEAR IMPORT OF PRE-
RIBOSOMAL uS12/RPS23 IN FISSION YEAST  
Revised from the manuscript entitled, “Coupled nuclear import and prolyl 
dihydroxylation of uS12/Rps23 regulate fungal hypoxic adaptation” by Sara J Clasen, 
Wei Shao, He Gu, and Peter J Espenshade (2017) submitted to the journal eLife. 
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SUMMARY 
The prolyl-3,4-dihydroxylase Ofd1 and nuclear import adaptor Nro1 regulate the hypoxic 
response in fission yeast by controlling the activity of the sterol regulatory element-
binding protein transcription factor Sre1. Here, we identify an extra-ribosomal function 
for uS12/Rps23 central to this regulatory system. Nro1 binds Rps23, and Ofd1 
dihydroxylates Rps23 P62 in complex with Nro1. Concurrently, Nro1 imports Rps23 into 
the nucleus for assembly into 40S ribosomes. Low oxygen inhibits Ofd1 hydroxylase 
activity and stabilizes the Ofd1-Rps23-Nro1 complex, thereby sequestering Ofd1 from 
binding Sre1, which is then free to activate hypoxic gene expression. In vitro studies 
demonstrate that Ofd1 directly binds Rps23, Nro1, and Sre1 through a consensus binding 
sequence. Interestingly, Rps23 expression modulates Sre1 activity by changing the pre-
ribosomal Rps23 substrate pool available to Ofd1. To date, oxygen is the only known 
signal to Sre1, but additional nutrient signals may tune the hypoxic response through 
control of pre-ribosomal Rps23 or Ofd1 activity. 
INTRODUCTION 
Eukaryotic cells require oxygen and must adapt to changes in its supply to maintain 
homeostasis. Research on mechanisms underlying oxygen homeostasis has focused 
mainly on hypoxia-inducible factor (HIF) signaling in mammals (Semenza, 2012). HIFs 
are heterodimeric transcription factors whose activity is regulated by molecular oxygen 
through the prolyl hydroxylase domain (PHD) enzymes. These enzymes hydroxylate HIF 
proline residues to promote HIF degradation using 2-oxoglutarate (2OG) and oxygen as 
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co-substrates and Fe(II) as a co-factor (Kaelin and Ratcliffe, 2008). The PHDs belong to 
a large family of non-heme, 2OG/Fe(II)-dependent oxygenases whose members catalyze 
a broad set of reactions in eukaryotes and bacteria (Hausinger, 2015). Despite this 
diversity, the active site of most 2OG oxygenases is located in a highly-conserved 
double-stranded beta-helix fold with the Fe(II) coordinated by a catalytic triad 
(HxD/E…H) (McDonough et al., 2010). Since oxygen is a co-substrate for this enzyme 
family, they can act as sensors of cellular oxygen supply, making them ideal regulators 
for pathways requiring oxygen (Ratcliffe, 2013). 
Lipid synthesis is highly oxygen-consumptive with yeast ergosterol synthesis 
requiring 12 molecules of dioxygen (Espenshade and Hughes, 2007). As a result, oxygen 
supply and sterol synthesis are coupled through the transcription factor Sre1 in the fission 
yeast Schizosaccharomyces pombe. Sre1 is a sterol regulatory element-binding protein 
(SREBP) homolog required for adaptation to low oxygen environments (Hughes et al., 
2005). Notably, Sre1 is conserved across fungi, and homologs in pathogenic fungi are 
required for virulence since the mammalian host environment is hypoxic (Chang et al., 
2007; Willger et al., 2008; Bien and Espenshade, 2010). In S. pombe, Sre1 is synthesized 
as an ER membrane-bound precursor that is cleaved in the Golgi to release its N-terminal 
transcription factor domain (Sre1N) in response to sterol depletion during hypoxia 
(Hughes et al., 2005; Porter et al., 2010; Stewart et al., 2011). Sre1N upregulates genes 
required for hypoxic growth and its own transcription. Upon reoxygenation, Sre1N 
signaling is rapidly down-regulated by the 2OG oxygenase Ofd1 (Hughes and 
Espenshade, 2008). Ofd1 interacts with Sre1N in the presence of oxygen to inhibit DNA-
binding and accelerate degradation (Lee et al., 2011; Porter et al., 2012). In contrast to 
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HIF regulation by PHDs, oxygen regulation of Sre1N does not require its hydroxylation 
by Ofd1. Rather, under hypoxia Ofd1 preferentially binds the nuclear import adaptor 
Nro1 (Lee et al., 2009). Binding to Nro1 prevents Ofd1 binding to Sre1N, allowing 
Sre1N to activate hypoxic gene expression. This oxygen-regulated switch in Ofd1 
binding requires oxygenase activity. However, the mechanism by which oxygen elicits 
this change in binding remains unclear as does the precise role for Ofd1 enzyme activity 
in regulating Sre1N.  
Previous work in budding yeast identified a role for the Ofd1 and Nro1 homologs 
Tpa1 and Ett1, respectively, in translation termination. These studies found that 
ribosomes from cells lacking Tpa1 read through stop codons with increased frequency 
relative to wild-type cells (Keeling et al., 2006). While Ofd1 and Nro1 function in 
opposition in the context of Sre1N regulation, ett1Δ cells share the same ribosomal read-
through defect as tpa1Δ cells (Henri et al., 2010; Rispal et al, 2011). Importantly, Tpa1 
oxygenase activity is required to rescue this phenotype, suggesting that the ribosome 
read-through defect is mediated by a Tpa1 enzyme substrate. More recently, several 
studies identified the small ribosomal protein uS12 as an enzyme substrate for Ofd1, 
Tpa1, and the homologs in human (OGFOD1) and fly (Sudestrada1) (Loenarz et al., 
2014; Singleton et al., 2014; Katz et al., 2014). uS12 is an essential and universal 
ribosomal protein that functions in translation fidelity (Sharma et al., 2007). While the 
human and fly enzymes catalyze prolyl-3-hydroxylation of uS12 P62, the fungal 
homologs catalyze 3,4-dihydroxylation of P62. Prolyl-3-hydroxylation was implicated in 
translation fidelity, but the function of uS12 dihydroxylation in fungi is unknown. The 
finding that uS12 is an Ofd1 substrate categorizes Ofd1 as a ribosomal oxidase (ROX) 
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(Ge et al., 2012). This small but growing enzyme family modifies ribosomal proteins 
from the large and small subunit in both eukaryotes and bacteria. For many ROXs, the 
function of the hydroxylated product remains unknown, similar to dihydroxylated uS12 
P62 in fungi.  
Here, we independently identified uS12, known as Rps23 in S. pombe, as a 
binding partner and substrate of Ofd1 and investigated the role that P62 dihydroxylation 
plays in fission yeast. We confirmed that Ofd1 dihydroxylates Rps23 and further report 
that Ofd1 and Rps23 form a complex with Nro1. This complex functions to transport 
newly synthesized Rps23 to the nucleus while simultaneously facilitating the 
dihydroxylation of P62. In addition, Ofd1 activity regulates formation of the Ofd1-
Rps23-Nro1 complex such that decreased enzyme activity under low oxygen stabilizes 
the complex. As a result, pre-ribosomal Rps23 regulates Sre1N signaling by sequestering 
Ofd1 in an oxygen-dependent manner, thereby coupling hypoxic gene expression to rates 
of ribosomal synthesis. Finally, we identified a conserved Ofd1 binding sequence shared 
by all known Ofd1 binding partners. This study outlines a new paradigm for control of 
hypoxic adaptation, assigns a second function to uS12 hydroxylation, and defines a 
distinct mechanism by which an oxygenase functions as a cellular oxygen sensor. 
RESULTS 
Ofd1 binds and dihydroxylates Rps23 P62 
To identify conserved enzyme substrates of Ofd1/OGFOD1, we performed a yeast two-
hybrid screen for human OGFOD1 binding partners using a human fetal brain cDNA 
library as prey. We isolated uS12 (coded by the RPS23 gene) as a binding partner of 
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OGFOD1 and confirmed that the interaction is conserved between Ofd1 and Rps23 in 
fission yeast (Fig 2.1A; Fig 2.S1A).  
To investigate whether Ofd1 binds directly to Rps23, we used an in vitro GST 
pull-down assay. In contrast to free GST, full-length GST-Rps23 bound Ofd1 (Fig 2.1B, 
lanes 2-3), indicating direct binding between Ofd1 and Rps23. Next, we mapped the 
region of Rps23 required for binding to Ofd1. Rps23 contains an evolutionarily divergent 
N-terminal extension domain (aa 1-46) followed by a conserved C-terminal globular 
domain (aa 47-143) (Smith et al., 2008). We fused GST to Rps23 truncations and found 
that Ofd1 binds to the N-terminal extension domain (Fig 2.1B, lanes 4-5). Furthermore, 
Rps23 aa 1-23 were necessary and sufficient to capture Ofd1 (Fig 2.1B, lanes 6-7). This 
region of Rps23 (Fig 2.1C, colored red) is buried in assembled 40S subunits and thus 
inaccessible to Ofd1 based on crystal structures of budding yeast ribosomes (Ben-Shem 
et al., 2011). Therefore, Ofd1 binds to Rps23 prior to its assembly into the 40S subunit in 
the nucleus. Since pre-ribosomal Rps23 represents only 2% of total Rps23 in cells (Fig 
2.S1B, lanes 1 and 4), we used ribosome-depleted lysates to test if Ofd1 binds Rps23 in
vivo. Immunopurified wild-type Ofd1 bound pre-ribosomal Rps23 in the presence of the 
crosslinker DSP, but failed to bind Rps5, a ribosomal protein of similar size and charge 
(Fig 2.1D, lanes 7-8). In addition, the Fe(II)-binding mutant Ofd1 H142A D144A was 
unable to pull down Rps23 (Fig 2.1D, lanes 11-12), indicating that an intact Ofd1 active 
site is required to bind Rps23. 
Since oxygenase function is required for Ofd1-Rps23 binding, we hypothesized 
that Rps23 is a substrate of Ofd1. We identified Rps23 P62 as a promising target for 
hydroxylation based on earlier work that reported a +16 Dalton (Da) mass shift for 
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mammalian RPS23 aa 61-68: QPNSAIRK (Louie et al., 1996). P62 is essential and part 
of a highly conserved loop that projects into the decoding center of the ribosome upon 
anticodon binding (Sharma et al., 2007). We confirmed that the +16 Da mass shift 
occurred on this proline residue by incubating Ofd1 with purified 6xHis-RPS23 and 
performing MS/MS that targeted the QPNSAIR peptide (Fig 2.S1C). In light of 
subsequent studies showing that Ofd1 and its fungal homologs dihydroxylate P62 
(Loenarz et al., 2014), we developed a stable isotope labeling with amino acids in cell 
culture (SILAC) assay to quantify Rps23 P62 hydroxylation. Wild-type cells were 
labeled with heavy (H) lysine and ofd1Δ cells with light (L) lysine, mixed, and processed 
to enrich for Rps23 from assembled 40S subunits. Following digestion by LysC, H/L 
peptide ratios were measured by LC-MS/MS (Fig 2.1E). We detected only 
dihydroxylated P62 in wild-type cells, consistent with published findings (Loenarz et al., 
2014). Analysis of the wild-type-ofd1Δ SILAC pair revealed a complete loss of 
dihydroxylated P62 in ofd1Δ cells, accompanied by the appearance of unmodified P62 
(Fig 2.1F). We found similar results for the SILAC pair of wild-type and enzyme-dead 
ofd1 H142A D144A (Fig 2.1F). Collectively, these data show that Ofd1 binds pre-
ribosomal Rps23 (aa 1-23) and independently demonstrate that Ofd1 catalyzes Rps23 
dihydroxylation. 
Identification of an Ofd1 binding sequence  
While Rps23 is the only known enzyme substrate of Ofd1, we previously showed that 
Ofd1 directly binds to Nro1, a negative regulator of Ofd1 and a nuclear import adaptor 
(Lee et al., 2009; Yeh et al., 2011). To determine if a common Ofd1 binding site exists, 
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we aligned the sequences of Rps23 (aa 1-23) and Nro1 (aa 1-30) required for binding to 
Ofd1. We identified a stretch of identical and chemically similar residues (Fig 2.2A) and 
mutated each amino acid to aspartate in the context of either GST-Rps23 FL (Fig 2.2B) 
or GST-Nro1 aa 1-30 (Fig 2.2C) to test if these residues are required for binding to Ofd1. 
Mutating the N-terminal basic residue (K/R), proline, glycine, or leucine completely 
abolished binding to Ofd1 for both Rps23 and Nro1, while mutating a non-conserved 
residue adjacent to the proline had an intermediate effect (Fig 2.2B-C, lanes 4-8). 
Downstream mutations revealed slight differences between the Ofd1 binding sequences: 
mutations in conserved alanine residues resulted in a severe reduction in Rps23-Ofd1 
binding, while the corresponding mutations in Nro1 only partially disrupted binding (Fig 
2.2B-C, lanes 10-11). For both Rps23 and Nro1, mutations in the most C-terminal amino 
acids displayed only mild defects in Ofd1 binding relative to upstream residues (Fig 
2.2B-C, lanes 13-15). These similarities between the Ofd1 binding sites in Rps23 and 
Nro1 argue for a conserved Ofd1 binding sequence. 
Ofd1, Rps23, and Nro1 form a complex 
Given that both Rps23 and Nro1 contain an Ofd1 binding site, we hypothesized that these 
proteins compete for binding to Ofd1 and predicted that down-regulation or deletion of 
one binding partner would increase binding between Ofd1 and the other partner. While 
Nro1 is not essential (Lee et al., 2009), Rps23 is required for cell viability due to its role 
in translation (Sharma et al., 2007). Two genes – rps23+ and rps2302+ – code for 
identical Rps23 proteins. While deletion of either gene results in a modest decrease in 
total Rps23 levels, levels of pre-ribosomal Rps23 are dramatically reduced by ~90% (Fig 
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2.S1B). rps23Δ and rps2302Δ cells thus represent severe knock-downs with respect to
this Ofd1 binding partner. To test if Nro1 and pre-ribosomal Rps23 compete for binding 
to Ofd1, we immunopurified Ofd1 from wild-type, nro1Δ, rps23Δ, and rps2302Δ lysates 
depleted of ribosomes and analyzed the bound fraction for Nro1 and Rps23. In wild-type 
cells treated with crosslinker, Ofd1 bound both Rps23 and Nro1 (Fig 2.3A, lane 6). 
Surprisingly, Ofd1 failed to pull down Rps23 in nro1Δ cells (Fig 2.3A, lane 8), indicating 
that Ofd1-Rps23 binding requires Nro1. In addition, Ofd1 binding to Nro1 was weakened 
in rps23Δ and rps2302Δ cells (Fig 2.3A, lanes 9-10). Consistent with this, Nro1 bound 
less Ofd1 in rps23Δ cells and, to a lesser extent, rps2302Δ cells in the reciprocal 
experiment (Fig 2.3B, lanes 9-10). Unexpectedly, Nro1 showed strong binding to Rps23 
in wild-type, ofd1Δ, rps23Δ, and rps2302Δ cells, independent of crosslinker (Fig 2.3B-C, 
lanes 6 and 8-10). Nro1-Rps23 binding was specific to Rps23 since Nro1 did not pull 
down Rps5 (Fig 2.3C, lanes 6-10). Thus, instead of competing for binding, Rps23 and 
Nro1 form a complex with Ofd1. 
Next, we assayed Nro1 and Rps23 direct binding in vitro using a GST pull-down 
assay. As predicted, full-length GST-Rps23 bound purified Nro1 (Fig 2.3D, lane 3). 
Using Rps23 truncations, we then found that Rps23 contains at least two distinct binding 
sites for Nro1 because both GST-Rps23 aa 1-46 and GST-Rps23 aa 47-143 bound Nro1 
(Fig 2.3D, lanes 4 and 6). However, the Ofd1 and Nro1 binding sites on Rps23 do not 
overlap as GST-Rps23 aa 1-23 failed to bind Nro1 (Fig 2.3D, lane 5). These in vitro 
binding studies, together with the immunopurifications, demonstrate that Ofd1, Rps23, 
and Nro1 form a complex in cells.  
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Dihydroxylation of Rps23 P62 requires Nro1 
The discovery that Nro1 is required for Ofd1 to bind to Rps23 in vivo (Fig 2.3A) led us to 
hypothesize that Nro1 functions in Rps23 hydroxylation. To test this, we examined 
Rps23 P62-containing peptides from wild-type and nro1Δ cells using SILAC. 
Interestingly, nro1Δ cells contributed less than 10% of the dihydroxylated P62 (Fig 2.4A), 
indicating that only 10% of the Rps23 is dihydroxylated in the absence of Nro1 compared 
to 100% in wild-type cells. Furthermore, we detected both unmodified and 
monohydroxylated P62 peptides with low H/L ratios, indicating that these peptides 
originated from nro1Δ cells (Fig 2.4A). To determine the relative abundance of the 
unmodified and monohydroxylated forms in cells lacking Nro1, we first measured the 
relative levels of unmodified Rps23 in nro1Δ and ofd1Δ cells using SILAC. We found 
that nro1Δ cells contributed 25% of the unmodified P62 signal, meaning that 32% of 
Rps23 P62 is unmodified in nro1Δ ribosomes. Consequently, monohydroxylated Rps23 
P62 represents ~60% of the total Rps23 in these cells. (Fig 2.4B). 
 The substantial fraction of monohydroxylated P62 in nro1Δ cells shows that the 
efficient dihydroxylation of Rps23 P62 requires Nro1. We tested if Nro1 participates 
directly in the reaction by reconstituting the reaction in vitro. Purified Rps23 and Ofd1 
were incubated alone or in the presence of purified Nro1 and then analyzed by Tandem 
Mass Tag (TMT)-labeled LC-MS/MS to quantify P62 hydroxylation. The ratio of 
Ofd1:Rps23:Nro1 (1:10:10) replicated the physiological ratio of Ofd1:pre-ribosomal 
Rps23:Nro1 in cells (data not shown). Consistent with the in vivo results, addition of 
Nro1 to the in vitro reaction increased Rps23 P62 dihydroxylation by 1.6 fold (Fig 2.4C). 
The increase in dihydroxylated Rps23 was accompanied by a corresponding decrease in 
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monohydroxylated Rps23, suggesting a role for Nro1 in facilitating the second 
hydroxylation event. The presence of Nro1 also resulted in a small but significant 
reduction in the levels of the unmodified P62 substrate compared to the reaction lacking 
Nro1. Together, these in vivo and in vitro results demonstrate that complete Rps23 
dihydroxylation requires Nro1. 
Nro1 imports Rps23 in complex with Ofd1 
Thus far, our data shows that Ofd1 dihydroxylates pre-ribosomal Rps23 in a complex 
with Nro1. Since Nro1 is structurally similar to karyopherins and functions as a nuclear 
import adaptor for Ofd1 (Yeh et al., 2011), we tested if Nro1 plays a role in Rps23 
localization. Wild-type cells that express Rps23-GFP from the rps2302 locus showed 
Rps23-GFP localized to the nucleus by live-cell imaging (Fig 2.5A). The Rps23-GFP 
fusion protein does not assemble into functional 40S subunits (data not shown) and 
localized to the nucleus rather than being exported to the cytosol. In nro1Δ cells, Rps23-
GFP was excluded from the nucleus despite only a minor reduction in Rps23-GFP 
expression (Fig 2.5B), indicating that Nro1 is required for nuclear import of pre-
ribosomal Rps23. However, alternate pathways for Rps23 import must exist since nro1Δ 
cells are viable. 
Because both Rps23 and Ofd1 require Nro1 for nuclear localization, we 
hypothesized that Nro1 imports Rps23 and Ofd1 together as a complex. Therefore, we 
predicted that Ofd1 might be mislocalized in rps23Δ cells due to the dramatic reduction 
in pre-ribosomal Rps23 and consequent reduction in complex formation (Fig 2.3A-B). 
mCherry-Ofd1 expressed from the endogenous locus localized primarily to the nucleus in 
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wild-type cells, consistent with published data (Fig 2.5C) (Hughes and Espenshade, 
2008). Deletion of rps23+ resulted in loss of nuclear localization with Ofd1 mislocalized 
throughout the cell (Fig 2.5C). This supports our hypothesis that Ofd1 and Rps23 traffic 
together to the nucleus with Nro1. Inhibition of Crm1-dependent nuclear export by 
leptomycin B (LMB) in rps23Δ cells restored Ofd1 nuclear localization, indicating that 
Ofd1 still traffics to the nucleus in these cells but at a reduced rate (Fig 2.5C). However, 
LMB treatment failed to restore nuclear localization of mCherry-Ofd1 in nro1Δ cells, 
consistent with the requirement of Nro1 for Ofd1 nuclear import (Fig 2.5C) (Yeh et al., 
2011). Collectively, these data suggest that pre-ribosomal Rps23 is imported into the 
nucleus in a complex with Nro1 and Ofd1 and that Rps23 dihydroxylation likely occurs 
in conjunction with nuclear import. 
 
Pre-ribosomal Rps23 regulates Ofd1 inhibition of Sre1N 
In addition to their roles in Rps23 hydroxylation and nuclear import, Ofd1 and Nro1 are 
key regulators of Sre1 signaling and hypoxic adaptation in fission yeast (Hughes and 
Espenshade, 2008; Lee et al., 2009). Ofd1 inhibits signaling by binding Sre1N, which 
both prevents Sre1N DNA-binding and accelerates its degradation (Lee et al., 2011). 
Under low oxygen, Ofd1 binds Nro1, freeing Sre1N to activate gene expression. Given 
that Ofd1-Nro1 binding requires Rps23 (Fig 2.3A-B), we hypothesized that pre-
ribosomal Rps23 functions as a positive regulator of Sre1N like Nro1. 
To test if Rps23 regulates Sre1, we first analyzed growth of rps23Δ and rps2302Δ 
cells in the presence of the hypoxia-mimetic cobalt. sre1Δ cells fail to grow on plates 
supplemented with cobalt chloride (Stewart et al., 2011), and thus growth on cobalt 
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reflects the cell’s capacity to activate Sre1. Like nro1Δ cells, rps23Δ and rps2302Δ cells 
failed to grow on cobalt chloride (Fig 2.6A). Consistent with this, rps23Δ and rps2302Δ 
cells, like nro1Δ cells, showed decreased Sre1N activation and reduced precursor levels 
under low oxygen (Fig 2.6B, lanes 7-12). The failure of rps23Δ and rps2302Δ cells to 
grow on cobalt was due to defects in Sre1N production rather than general defects in 
translation, because expression of Sre1N from a plasmid rescued growth on cobalt (Fig 
2.6C). Furthermore, rps23Δ and rps2302Δ cells failed to upregulate the Sre1N target gene 
hem13+ in the absence of oxygen, but hypoxic activation of the Sre1N-independent gene 
erg1+ was normal (Fig 2.S2A). Finally, the rps23 mutant was the only ribosomal gene 
identified in both fission yeast deletion collection screens for cobalt-sensitivity (Ryuko et 
al., 2012; Burr et al., 2016), and we confirmed the specificity of the cobalt phenotype 
(Fig 2.S2B). These two screens failed to identify rps2302Δ cells as cobalt-sensitive; 
however, we were unable to verify the deletion of rps2302+ by PCR in the deletion 
collection strain (data not shown). These data demonstrate that Rps23 is a specific 
positive regulator of Sre1 signaling. 
 To test whether Rps23 regulates Sre1 after proteolytic activation, we used strains 
that express only soluble Sre1N from the sre1 locus, bypassing the requirement for 
cleavage (Hughes and Espenshade, 2008). Low oxygen stabilized Sre1N in wild-type 
cells (Fig 2.6D, lanes 1-2), but rps23Δ and rps2302Δ cells failed to accumulate Sre1N 
under low oxygen (Fig 2.6D, lanes 4 and 6). Deletion of ofd1+ in rps23Δ and rps2302Δ 
cells restored Sre1N expression to wild-type levels under low oxygen (Fig 2.6D, lanes 10 
and 12), indicating that the defects in Sre1N accumulation are the result of increased 
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inhibition by Ofd1 and further demonstrating that rps23Δ and rps2302Δ cells are not 
defective in Sre1N translation. 
The model for Ofd1 inhibition of Sre1N predicts that Ofd1 acts on Sre1N directly, 
but direct binding has not been demonstrated and the Ofd1 binding site on Sre1N has not 
been identified. Previous yeast two-hybrid studies mapped the Ofd1 binding region to 
Sre1 aa 271-340 (Lee et al., 2011). Alignment of this region to the Ofd1 binding sites in 
Rps23 and Nro1 identified Sre1 aa 286-297 as a putative Ofd1 binding site (Fig 2.6E). To 
test if Sre1N binds Ofd1 directly, we performed an in vitro binding assay and found that 
GST-Sre1 aa 271-340 bound purified Ofd1 (Fig 2.6F, lane 3). Mutational analysis 
showed that Sre1N-Ofd1 binding required Sre1N residues 286-293 and 297 (Fig 2.6F, 
lanes 4-11 and 15). In contrast, individually mutating Sre1N aa 294-296 impaired Ofd1 
binding but did not abolish the interaction (Fig 2.6F, lanes 12-14). These data indicate 
that Sre1N binds Ofd1 directly through a conserved motif shared with Rps23 and Nro1. 
Collectively, these experiments demonstrate that pre-ribosomal Rps23 functions with 
Nro1 as a positive regulator of Sre1N activity by binding Ofd1 and preventing its binding 
to Sre1N.  
Ofd1-Rps23-Nro1 complex sequesters Ofd1 under hypoxia to activate Sre1N 
Our data indicate that Ofd1 binds independently to both a complex of Rps23-Nro1 and 
Sre1N, a dimeric, basic helix-loop-helix leucine zipper transcription factor (Párraga et al., 
1998). Given that these proteins share a consensus Ofd1 binding sequence, Ofd1 likely 
forms a dimer, which is consistent with structural studies (Fig 2.7A) (Kim et al., 2010; 
Henri et al., 2010; Horita et al., 2015). Deletion of nro1+ reduces Ofd1-Rps23-Nro1 
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complex formation (Fig. 2.3A) and inhibits Sre1N signaling (Lee et al., 2009), indicating 
that Rps23-Nro1 and Sre1N dimer compete for binding to Ofd1. Finally, Rps23 P62 
hydroxylation by Ofd1 requires oxygen (Loenarz et al., 2014). Based on these data, we 
proposed a model in which Ofd1 is free to bind Sre1N and inhibit transcriptional activity 
under normoxia. Under hypoxia, Ofd1 hydroxylation of Rps23 is inhibited, sequestering 
Ofd1 in complex with Rps23-Nro1 and freeing Sre1N to activate hypoxic gene 
expression (Fig 2.7A). Consistent with this, a 90% reduction in pre-ribosomal Rps23 
(rps23Δ cells; Fig 2.S1B, lanes 4-5) resulted in impaired Sre1N signaling under low 
oxygen due to increased inhibition by Ofd1 (Fig 2.6D). rps23Δ cells fail to produce 
sufficient pre-ribosomal Rps23 to effectively sequester Ofd1 under hypoxia.  
Based on this model, we hypothesized that elevated levels of pre-ribosomal Rps23 
would further sequester Ofd1 and stabilize Sre1N in the presence of oxygen. We 
overexpressed Rps23 in 2XSRE-ura4+ reporter cells and analyzed growth on plates 
lacking uracil (Fig 2.7B) (Lee et al., 2009). In this reporter strain, sre1N and sre1Δ cells 
failed to grow in the absence of uracil when transformed with the empty vector control 
(Fig 2.7B, spots 1 and 3). However, Rps23 overexpression in sre1N cells, but not sre1Δ 
cells, supported growth in the absence of uracil, indicating activation of Sre1 signaling 
(Fig 2.7B, spots 2 and 4). Furthermore, overexpression of GST-Rps23 in sre1N cells led 
to the accumulation of Sre1N under normoxia compared to control cells (Fig 2.7C). GST-
Rps23 serves as a proxy for pre-ribosomal Rps23 given its ability to bind both Ofd1 and 
Nro1 (Fig 2.1B, 2.3D) while being unable to assemble into functional 40S subunits (Fig 
2.S3). These data support the sequestration model by demonstrating that changes in
Rps23 levels affect Sre1 signaling. 
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Our model also predicts that Ofd1 oxygenase activity is crucial for the oxygen-
dependent sequestration of Ofd1 by Rps23-Nro1 and hypoxia stabilizes the Ofd1-Rps23-
Nro1 complex due to the inability of Ofd1 to modify Rps23 P62. Ofd1 requires both 2OG 
and molecular oxygen as co-substrates for hydroxylation so we treated wild-type cells 
with dimethyloxalylglycine (DMOG), a cell permeable competitive inhibitor of Ofd1 that 
is metabolized to a 2OG analog, to test if enzyme activity affects Ofd1 binding to Rps23 
and Nro1 (Jaakkola et al., 2001). Ofd1 immunopurified from cells treated with DMOG 
bound more Nro1 and Rps23 compared to vehicle-treated cells, in both the absence and 
presence of crosslinker (Fig 2.7D, lanes 5-8). Next, we examined whether Ofd1-Rps23-
Nro1 complex stability is oxygen-dependent. Ofd1 immunopurified from wild-type cells 
bound more Rps23 and Nro1 in the absence of oxygen compared to cells grown in 
normoxia (Fig 2.7E, lanes 3-4). Together, these experiments show that the Ofd1-Rps23-
Nro1 complex is stabilized under conditions that prevent P62 hydroxylation and support 
the sequestration model for Ofd1-dependent regulation of Sre1N. 
DISCUSSION 
In this study, we report three major findings: (1) Nro1 functions in a new nuclear import 
pathway for the small ribosomal protein uS12/Rps23; (2) Nro1 is the first protein adaptor 
for prolyl dihydroxylation; and (3) Rps23 has an extra-ribosomal function essential for 
the fission yeast hypoxic response.  
Pre-ribosomal Rps23 sits at the center of these findings, and our data support the 
following model for how Rps23 is incorporated into ribosomes: Nro1 binds newly 
synthesized Rps23 in the cytosol; Ofd1 then binds Rps23-Nro1 and dihydroxylates P62 
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during nuclear import; Nro1 releases dihydroxylated Rps23 in the nucleus where it is 
incorporated into assembling 40S ribosomal subunits. Multiple lines of evidence support 
this model. Rps23 binds Nro1 in vitro, the interaction does not require Ofd1, and binding 
is stable in the absence of chemical crosslinker (Fig 2.3), suggesting that Rps23 and Nro1 
bind first. The order of complex assembly is further supported by the fact that Nro1 is 
required for Ofd1 binding to Rps23 (Fig 2.3A), and conversely Rps23 is required for 
Ofd1 binding to Nro1 (Fig 2.3B). Consistent with this, efficient dihydroxylation of Rps23 
requires Nro1 in vivo and in vitro (Fig 2.4). Finally, Rps23 nuclear localization requires 
Nro1 (Fig 2.5A), and Ofd1 nuclear import decreases in the absence of the Rps23-Nro1 
complex (Fig 2.5C), indicating that import and dihydroxylation are coupled and 
coincident. It remains to be determined how the complex dissociates in the nucleus and 
whether Ofd1-dependent hydroxylation plays a role.  
Ofd1 binding to Rps23 and Nro1 is mediated through a shared binding sequence 
(Fig 2.2). Given previous work showing that the budding yeast enzyme crystallizes as a 
dimer and exists in solution as a reversible monomer-dimer mix (Henri et al., 2010; Kim 
et al., 2010; Horita et al., 2015), we model Ofd1 as a dimer in the complex to 
accommodate the Ofd1 binding sequences on both Rps23 and Nro1, and likewise the 
Sre1N dimer (Fig 2.7A). Importantly, Rps23 binding to Nro1 does not require its Ofd1 
binding sequence (Rps23 aa 1-23), leaving this region free to recruit Ofd1. Alternatively, 
given the structural homology between the N- and C-terminal domains of Ofd1, a single 
Ofd1 molecule could contain two binding sites (Kim et al., 2010; Henri et al., 2010; 
Horita et al., 2015). Future studies will determine the stoichiometry of the Ofd1-Rps23-
Nro1 complex. 
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In a second key finding, Nro1 functions an adaptor for Ofd1-dependent 
dihydroxylation in addition to its role as a nuclear importer. The mechanism by which 
Nro1 facilitates dihydroxylation of Rps23 is unclear. Previous work found that Nro1 is 
structurally similar to the α subunit of human collagen prolyl-4-hydroxylase that 
functions in substrate recruitment (Rispal et al., 2011). Indeed, the study’s authors 
predicted that Nro1 may serve a similar role for Ofd1. We report a small but significant 
reduction in unmodified Rps23 P62 in reactions incubated with Nro1 which supports 
Nro1 functioning in substrate recruitment (Fig 2.4C). However, our finding that addition 
of Nro1 increased production of dihydroxylated P62 at the expense of monohydroxylated 
P62 suggests that Nro1 facilitates the second hydroxylation event and may act by 
preventing release of monohydroxylated Rps23 from Ofd1. The stereochemistry of the 
monohydroxylated species that accumulates in nro1Δ cells is unknown. Previous studies 
showed that prolyl-3-hydroxylation is sufficient to restore the defects in translation 
termination caused by loss of the Ofd1 homolog Tpa1, suggesting that loss of this post-
translational modification underlies the translation defects (Loenarz et al., 2014). Thus, 
we hypothesize that prolyl-3-hydroxylation of P62 is dramatically reduced in nro1Δ cells 
given the translation termination defect reported for budding yeast ett1Δ cells (Henri et 
al., 2010; Rispal et al., 2011). Since Ett1 and Nro1 are homologs, we predict that ett1Δ 
cells will show a similar loss of dihydroxylated Rps23 P62 as seen in nro1Δ cells. The 
requirement of Nro1 for Rps23 P62 hydroxylation explains why ett1Δ and tpa1Δ cells 
share the same read-through phenotype, while ofd1Δ and nro1Δ cells display opposing 
Sre1N phenotypes. 
            56
The third finding in this study is that pre-ribosomal Rps23 plays a central role in 
control of the hypoxic response in fission yeast. While Rps23 P62 hydroxylation in fungi 
is required for translation fidelity (Loenarz et al., 2014), we demonstrate that Rps23 has 
an extra-ribosomal function in the regulation of Sre1N and hypoxic gene expression. The 
Ofd1 hydroxylation reaction is oxygen-dependent, and this property confers oxygen 
regulation to the stability of the Ofd1-Rps23-Nro1 complex. The Rps23-Nro1 complex 
functions as a positive regulator of Sre1N by sequestering the negative regulator Ofd1 
under low oxygen or DMOG-treatment (Fig 2.7A). We show that manipulation of pre-
ribosomal Rps23 expression activates or represses Sre1N signaling in vivo (Fig 2.6 and 
2.7). Unlike the HIF system, this sequestration mechanism allows Sre1N activity to be 
regulated indirectly by oxygenase activity without requiring Sre1N to be an Ofd1 
substrate. While the Ofd1-Rps23 enzyme-substrate relationship is conserved in humans 
(Loenarz et al., 2014), we do not have evidence that OGFOD1 and RPS23 function in the 
hypoxic response in mammals, perhaps because metazoans lack an obvious Nro1 
homolog. 
 To date, oxygen is the only known nutrient that signals to Sre1N. However, 
Sre1N activates anabolic pathways such as sterol synthesis that require carbon and other 
nutrients (Todd et al., 2006). Given that maintenance of cellular homeostasis requires 
coordination of nutrient availability and metabolism, other regulatory inputs likely exist. 
The pre-ribosomal protein pool is highly dynamic and subject to multiple nutrient inputs 
(Lam et al., 2007; Gasch et al., 2000; Schawalder et al., 2004), making Rps23 an ideal 
regulatory molecule. We speculate that in response to nutrient availability, rates of pre-
ribosomal Rps23 synthesis couple nutrient supply to Sre1N activity. Under nutrient-
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deprivation, reduced Rps23 synthesis dampens Sre1N activity by failing to sequester 
Ofd1, thereby efficiently matching lipid synthesis to nutrient supply. Conversely, high 
rates of Rps23 synthesis support maximal Sre1N activity by sequestering Ofd1. Cells 
with different levels of Rps23 synthesis still respond to hypoxia through the oxygen-
dependent sequestering of Ofd1 (Fig 2.6B), but the dynamic range of this response will 
be tuned by nutrient supply through Rps23. In addition, Nro1 may similarly bind other 
Ofd1 substrates, allowing for integration of multiple signals. Current studies are focused 
on testing this model.  
Ofd1 is a member of a large family of 2OG oxygenases that catalyze a diverse set 
of reactions ranging from histone demethylation for regulation of transcription to 
halogenation for antibiotic synthesis (Hausinger, 2015). Here, we describe a mechanism 
by which the requirement for oxygen as a substrate confers the ability to sequester the 
oxygenase from other binding partners under low oxygen conditions. These enzymes also 
require 2OG as a co-substrate, raising the possibility that 2OG can signal to Sre1N and 
control the hypoxic response. Finally, our studies define a new mechanism for oxygen-
sensing and suggest that other 2OG-oxygenase family members may function through a 
similar mechanism to regulate as yet unidentified, non-substrate targets. Indeed, several 
2OG oxygenases are also ribosomal oxidases that could similarly leverage their pre-
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EXPERIMENTAL PROCEDURES 
Materials 
Common lab reagents were obtained from either Sigma or Thermo Fisher Scientific. 
Oligonucleotides were provided by Integrated DNA Technologies. Heavy lysine 
(13C6/15N2) was purchased from Cambridge Isotope Laboratories. DMOG was from 
Frontier Scientific Inc. Protease inhibitors (0.5 μM PMSF, 10 μg/ml leupeptin, and 5 
μg/ml pepstatin) were included in buffers where indicated. 
Strains and cultures 
Strains in this study are described in Table S1 and were generated using standard 
techniques (Bähler et al., 1998; Alfa et al., 1993). Haploid S. pombe cells were cultured at 
30°C in rich medium (0.5% [w/v] yeast extract (BD Biosciences), 3% [w/v] glucose, 225 
μg/ml each of uracil, adenine, leucine, histidine, and lysine) to 1×107 cells/ml unless 
otherwise indicated (Moreno et al., 1991). Minimal medium constitutes Edinburgh 
Minimal Medium (MP Biomedical) plus supplements (225 μg/ml each of uracil, adenine, 
leucine, histidine, and lysine).  
Plasmids 
sre1N (aa 1-440) under control of the constitutive CaMV promoter was described in 
Hughes et al. 2005. rps2302+ was cloned into a constitutive adh1-driven expression 
vector with ura4+ marker, derived from pREP4X (Forsburg and Sherman, 1997). GST 
and GST-rps2302 were placed under the control of the inducible nmt1 promoter by 
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insertion into the BamHI/NotI restriction sites of pSLF172 (Forsburg and Sherman, 1997). 
Transformations were performed by electroporation unless stated otherwise. 
 
Antibodies 
Secondary antibodies were obtained from LI-COR (IRDye800CW/IRDye680RD mouse 
and rabbit IgG, IRDye 680RD Detection Reagent) Commercially obtained antibodies 
include mouse anti-GST monoclonal (MMS-112R, Covance), mouse anti-GFP 
monoclonal (1814460, Roche Applied Science), mouse anti-Rps23 monoclonal (SJ-K2, 
Santa Cruz), mouse anti-Rps5 monoclonal (464-J, Santa Cruz), and mouse anti-actin 
monoclonal (C4, Santa Cruz). Lab-made antibodies are rabbit polyclonal antisera and 
were previously described: anti-Ofd1 (GST-Ofd1 full-length antigen; Hughes and 
Espenshade, 2008), anti-Nro1 (6xHis-Nro1 full-length antigen; Lee et al., 2009), anti-
Dsc5 (6xHis-Dsc5 aa 251– 427 antigen; Stewart et al., 2012), and anti-Sre1 (6xHis-Sre1 
aa 1-260 antigen; Hughes et al., 2005). 
 
Yeast two-hybrid  
Yeast two-hybrid screen (>3-fold library coverage) was conducted at Duke University 
using a human fetal brain cDNA library. RPS23 represented 80% of positive clones 
(56/70). Confirmation of screen hits was performed following Matchmaker Gal4 Two-
Hybrid System user manual (Clontech) using the yeast two-hybrid S. cerevisiae strain 
AH109. Briefly, bait (Gal4_BD empty vector, Gal4_BD-Ofd1 or Gal4_BD-OGFOD1) 
and prey (Gal4_AD empty vector, Gal4_AD-Rps23, or Gal4_AD-RPS23) plasmids were 
co-transformed into AH109 cells. Transformants were equally divided into two halves, 
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then plated on control (SD/-Leu/-Trp) or reporter (SD/-Ade/-His/-Leu/-Trp/X-α-Gal) 
plates. Plates were incubated at 30oC for 8 days and images were acquired using a flatbed 
scanner in transmitted light mode at a resolution of 600 dpi. 
 
Measuring pre-ribosomal Rps23 
Strains were cultured in rich medium to 0.5 - 1.0×107 cells/ml. Cells (1x108) were 
pelleted and lysed by vortexing with glass beads (0.5 mm) for 10 min at 4°C in 1% [v/v] 
NP-40, 50 mM Hepes-HCl pH 7.4, 100 mM NaCl, 1.5 mM MgCl2, and protease 
inhibitors. Lysates were centrifuged at 20,000 ×g for 1 min at 4°C and the resulting 
supernatant was designated the whole cell lysate (WCL). Ribosomes were pelleted from 
WCL by centrifugation at 80,000 rpm for 16 min at 4°C using an Optima TLX 
ultracentrifuge and TLA100 rotor (Beckman Coulter). WCL (5 μg) and ten-fold by 
volume supernatant were loaded on 16% acrylamide gels. Rps23 detected in the 
ribosome-cleared supernatant by immunoblot was considered pre-ribosomal and 
normalized to Dsc5. Rps23 fractions were calculated as the mean of three biological 
replicates ± SEM and analyzed by paired, one-tailed t test. 
 
GST pull-down assays  
GST fusion protein expression vectors were generated by cloning gene sequences into the 
bacterial expression vector pGEX-4T3 (GE Healthcare Life Sciences) using BamHI/NotI 
restriction sites. Fusion protein expression was induced in E. coli BL21-CodonPlus 
(DE3)-RIPL competent cells (Agilent) with 0.1 mM IPTG at 37°C for 2 hr in LB medium. 
Cells were sonicated in lysis buffer (25 mM phosphate pH 6.8, 250 mM NaCl, 2 mM 
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DTT, and protease inhibitors) prior to the addition of 1/10 volume 10% [v/v] Triton X-
100. Lysates were incubated for 10 min at 4°C then centrifuged at 20,000 ×g for 10 min. 
MagneGST particles (1.5 μl/reaction; Promega) were blocked with 1% [w/v] BSA diluted 
in lysis buffer for 30 min at room temperature then incubated for 1 hr at room 
temperature with saturating amounts of cleared cell lysates. Following 3 washes in 25 
mM phosphate pH 6.8, 250 mM NaCl,1% [v/v] TWEEN 20, and protease inhibitors, the 
particles were resuspended in 200 μl containing 84.5 nM Ofd1 or 84.5 nM Nro1 diluted 
in lysis buffer plus 1% [v/v] Triton X-100 for 1 hr at 4°C. Ofd1 and Nro1 were purified 
under native conditions as previously described (Yeh et al., 2011). Particles were washed 
twice in lysis buffer plus 1% [v/v] TWEEN 20 (no DTT) and once in 50 mM Tris-HCl 
pH 7.5, 100 mM NaCl prior to elution with 10 mM reduced glutathione in 50 mM Tris-
HCl pH 7.5, 100 mM NaCl for 30 min at room temperature. Eluates were analyzed by 
immunoblotting.  
Bioinformatics 
Structures were downloaded from the PDB (Berman et al., 2003) and analyzed using the 
PyMOL Molecular Graphics System (Schrödinger, LLC). Pairwise and multiple 
sequence alignments were generated using EMBOSS- WATER and T-coffee respectively 
(Rice et al., 2000; Notredame et al., 2000).  
Immunopurifications  
Ofd1 and Nro1 immunopurifications (IPs) were performed as previously described (Lee 
at al., 2009) with modifications. Briefly, 1x108 cells (Nro1 IP) or 2x108 cells (Ofd1 IP) 
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were pelleted, washed in PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM 
KH2PO4, pH 7.4 plus protease inhibitors) and resuspended in 1 ml PBS plus 2 mM DSP 
(Pierce) or vehicle (8% DMSO unless stated otherwise) for 5 min to crosslink proteins. 
The reaction was quenched by addition of 1 M Tris-HCl pH 7.5 to a final concentration 
of 20 mM Tris. Ribosome-cleared lysates were generated as described above and 1.0-1.5 
mg protein in 600 μl volume was incubated with affinity-purified antibodies (8 ng 
antibody/μg protein) and 30 μl Protein A agarose beads (Repligen) for 2 hr at 4°C. Beads 
were washed three times and resuspended in SDS lysis buffer (10 mM Tris-HCl pH 6.8, 
100 mM NaCl, 1% [w/v] SDS, 1 mM EDTA, 1 mM EGTA) plus protease inhibitors prior 
to boiling (95°C, 5 min) and immunoblotting.  
SILAC sample preparation 
Strains were cultured for ≥15 generations in SILAC medium (Edinburgh minimal 
medium plus 75 mg/l each of leucine, histidine, adenine, uracil, and 30 mg/l heavy or 
light lysine) as described (Fröhlich et al., 2013). Pelleted cells were resuspended in lysis 
buffer (50 mM Hepes-HCl pH 7.4, 100 mM NaCl, 1% [v/v] NP-40, 1.5 mM MgCl2) plus 
protease inhibitors and 1 mM DTT, and lysed by vortexing with glass beads (0.5 mm). 
Lysates were cleared by centrifugation at 20,000 ×g for 10 minutes and heavy-labeled or 
1:1 mixtures of heavy- and light-labeled proteins were layered over a 10% sucrose 
cushion (20 mM Tris-HCl pH 7.2, 500 mM KCl, 5 mM MgCl2, 10% [w/v] sucrose) plus 
protease inhibitors. Lysates were centrifuged at 41,000 rpm for 6 hr in the SW 41 Ti 
Rotor (Beckman Coulter) and ribosome pellets were solubilized in 150 μl of 6 M 
ultrapure urea, 3 M LiCl, 50 mM KCl, and 5 μM BME (pH adjusted to 4.5) overnight at 
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4°C using micro stir bars. Lysates were cleared by centrifugation at 72,000 rpm for 1 hr 
in the TLA100 rotor, and proteins were precipitated from the supernatant overnight with 
the addition of two volumes of 20% [w/v] TCA. Precipitated proteins were washed with 
1:1 [v/v] ether:ethanol and air-dried prior to resuspension in 8 M ultrapure urea, 150 mM 
Tris-HCl pH 8.5. Samples were separated by gel electrophoresis using 16.5% acrylamide 
gels (Bio-Rad) and stained with Super Blue (Protea). 15-20 kDa gel bands were excised 
and analyzed by LC-MS/MS. 
LC-MS/MS 
Gel pieces were destained and rehydrated in 150 μl 0.01 µg/µl LysC (Wako Chemicals) 
in 25 mM triethylammonium bicarbonate (TEAB) then covered with an additional 150 μl 
of 25 mM TEAB and digested overnight at 37°C. Peptides were extracted from the gel 
pieces with 50% [v/v] acetonitrile, 0.1% [v/v] trifluoroacetic acid (TFA) and evaporated 
to dryness in a speed vac. Samples were rehydrated in 0.1% [v/v] TFA and loaded on 
Oasis HLB µElution solid phase extraction plates (Waters) and desalted with two 100 μl 
aliquots of 0.1% [v/v] TFA followed by 100 μl of 10 mM TEAB. Each sample was then 
step fractionated under basic conditions with 10%, 25%, and 75% [v/v] acetonitrile in 10 
mM TEAB yielding 3 fractions for each of the samples for LC/MS/MS analysis. These 
fractions were then dried and brought up in 10 μl of 2% [v/v] acetonitrile, 0.1% [v/v] 
formic acid. 
The LC-MS/MS analysis was performed on a Q-Exactive HF mass spectrometer 
(Thermo Scientific) with a nanoACQUITY nano flow chromatography system (Waters). 
The samples were trapped at 5 μl/min then eluted onto a 20 cm x 75 µm i.d. C18 column 
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for a 90-min gradient at 300 nl/min. The mass spectrometer settings were 240,000 
resolution for MS and 35,000 resolution for MS2 with target of 3e6 for MS and 1e5 for 
MS2. Maximum injection times were set to 60 and 300 millisec respectively and a 
normalized collision energy of 28 was used. The data from the 3 fractions for each 
sample were combined and searched against the RefSeq2015 Schizosaccharomyces 
pombe using the Mascot (Matrix Science) search engine running through Proteome 
Discoverer v.1.4 (Thermo Scientific). The precursor mass tolerance was set to 15 ppm 
and the fragment tolerance was set to 0.03 Da. For the search settings, the following 
modifications were set as variable: deamidated (N,Q), oxidation (P, M), dioxidation (P), 
and K8 Heavy (K). The K8 Heavy modification adds a mass of 8.014 Da, and SILAC 
pairs within 4 ppm mass were considered for calculating SILAC ratios.   
 
SILAC data analysis 
All SILAC data were filtered for unique, high confidence peptide spectrum matches 
(PSMs). For quantification, missing quan values were replaced with the minimum 
intensity and single-peak quan channels were used. To quantify Rps23 P62 hydroxylation 
between SILAC pairs, first the labeling efficiency (𝑒𝑒) was calculated using the median 
H/L of 40S protein PSMs (𝑗𝑗 = 1, … ,𝑚𝑚) from the heavy sample alone, 𝑠𝑠𝑗𝑗: 
                                   𝑒𝑒 = 𝑠𝑠(𝑚𝑚+1) 2⁄ /(1 + 𝑠𝑠(𝑚𝑚+1) 2⁄ ), for ordered values of 𝑠𝑠𝑗𝑗.    (1) 
Next, the relative abundance of Rps23 protein in the SILAC pair was calculated using 
non-P62-containing H/L ratios from Rps23 PSMs (𝑘𝑘 = 1, … , 𝑞𝑞), represented by 𝑟𝑟𝑘𝑘. These 
values were adjusted for labeling efficiency to give 𝑟𝑟𝑎𝑎𝑘𝑘:     









�� ]                     (2) 
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P62-containing peptide ratios (𝑝𝑝𝑙𝑙) were then separated into three groups based on P62 
modification state (unmodified, monohydroxylated, and dihydroxylated) and each group 
was analyzed independently. Ratios were normalized for Rps23 protein level to give 𝑝𝑝𝑝𝑝𝑙𝑙 
using the median of (2):  
𝑝𝑝𝑝𝑝𝑙𝑙 = 𝑝𝑝𝑙𝑙/𝑟𝑟𝑎𝑎(𝑞𝑞+1)/2 , for ordered values of 𝑟𝑟𝑎𝑎𝑘𝑘. (3) 
Normalized values were adjusted for labeling efficiency as described above to give 𝑝𝑝𝑎𝑎𝑙𝑙 
and these ratios were log2 transformed. Significance was tested using Mann-Whitney, in 
which the 𝑙𝑙𝑙𝑙𝑔𝑔2(𝑝𝑝𝑎𝑎𝑙𝑙) values were compared against a theoretical set (𝑙𝑙𝑙𝑙𝑔𝑔2(𝑠𝑠𝑝𝑝𝑗𝑗)) where 
H=L calculated from 𝑠𝑠𝑗𝑗  values corrected for labeling efficiency (𝑠𝑠𝑎𝑎𝑗𝑗): 
𝑠𝑠𝑝𝑝𝑗𝑗 =
(𝑠𝑠𝑎𝑎𝑗𝑗 �1 + 𝑠𝑠𝑎𝑎𝑗𝑗�⁄ ) ∙ 0.5
1 − (𝑠𝑠𝑎𝑎𝑗𝑗 �1 + 𝑠𝑠𝑎𝑎𝑗𝑗�⁄ ∙ 0.5)
�        (4) 
To calculate the %H and %L for unmodified, monohydroxylated, and 
dihydroxylated P62, the fractional heavy (𝐻𝐻𝑙𝑙) value of 𝑝𝑝𝑝𝑝𝑙𝑙 was determined and corrected 




∙ [ 𝑝𝑝𝑝𝑝𝑙𝑙 (1 + 𝑝𝑝𝑝𝑝𝑙𝑙)�
 ]        (5) 
%H and %L were reported as the median from (5) multiplied by 100, with %L equal to 
100 – (%H). 
To determine the relative abundance of the unmodified and monohydroxylated 
forms in nro1Δ cells, we assumed that all Rps23 P62 is unmodified in ofd1Δ cells. This 
assumption was based on the finding that over 99.9% of the dihydroxylated P62 in the 
wild-type-ofd1Δ SILAC pair originated from the heavy-labeled wild-type cells (Fig 2.1F). 
In addition, analysis of the ofd1Δ alone sample detected only unmodified Rps23 P62. The 
percent unmodified in nro1Δ cells is therefore approximated by 100 ÷ (H/L), where H/L 
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is the median ratio of unmodified P62 in the ofd1Δ (H) - nro1Δ (L) SILAC pair. From 
this analysis, we found that unmodified P62 accounts for 32% of Rps23 in nro1Δ 
ribosomes. We used the same logic to calculate the percentage of dihydroxylated P62 in 
nro1Δ cells using the wild-type-nro1Δ SILAC pair and assuming wild-type cells contain 
only dihydroxylated P62. Given conservation of mass and the expectation that P62 exists 
in one of only three states, we then estimated the relative percentage of 
monohydroxylated Rps23 P62 in nro1Δ cells as 100 - (% unmod) – (% di), leading to the 
conclusion that approximately 60% of Rps23 P62 is monohydroxylated.    
MBP-Rps23 purification  
S. pombe rps23+ cDNA was cloned into pMAL-c5X expression vector (NEB), and the 
plasmid was transformed into BL21-CodonPlus (DE3)-RIPL cells. The transformants 
were grown to OD600=0.6 at 37°C and then induced with 0.4 mM IPTG overnight at 
18°C. Cells were harvested by centrifugation and cell pellets were stored at -80°C. 
Bacterial pellets were resuspended in lysis buffer (20 mM Tris-HCl pH 8, 150 mM NaCl) 
and lysed by French press. Cleared lysates were loaded onto an amylose resin column 
(NEB) and MBP-Rps23 was eluted with 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 10 mM 
maltose, 1 mM EDTA, and 0.5% [v/v] Triton X-100. Fractions containing MBP-Rps23 
were pooled and dialyzed in 20 mM Tris-HCl pH 8, 1 mM EDTA, and loaded onto a 
Mono Q anion exchanger (GE). Sample was eluted with 20 mM Tris-HCl pH 8, 1 M 
NaCl, and purified MBP-Rps23 was collected in the flow-through, concentrated, and 
stored in 20 mM Tris-HCl pH 8, 150 mM NaCl. 
            67
In vitro hydroxylation assay 
For TMT analysis, reactions were performed in 20 μl volumes with Ofd1 (0.5 μM) and 
MBP-Rps23 (5 μM) diluted into lysis buffer (20 mM Tris HCl pH 7.5, 150 mM NaCl) 
with and without Nro1 (5 μM). Ofd1 and Nro1 were natively purified as previously 
described (Yeh et al., 2011). Reactions contained 20 mM Tris HCl pH 7.0, 0.1% [w/v] 
BSA, 0.5 mM DTT, 4 mM ascorbate, 0.15 mM FeSO4, and 0.3 mM 2OG. After 
incubation at 37°C for 1 hr, the reaction was terminated by the addition of 1.25 μl 2 M 
HCl and analyzed by LC-MS/MS. 
For the initial identification of hydroxylated P62, the reaction volume was scaled 
up to 50 μl. Ofd1 (5.2 μM) and purified human 6xHis-RPS23 (79 μM) were diluted into 
the lysis buffer along with 0.1% [w/v] BSA, 0.5 mM DTT, 4 mM ascorbate, 0.15 mM 
FeSO4, and 0.3 mM 2OG. The reaction was incubated overnight at 37°C. 
TMT LC-MS/MS 
Reaction samples were LysC-digested and labeled with TMT reagents (Thermo Fisher 
Scientific) for 1 hr at room temperature. Samples were step fractionated with 4 basic, 
reversed phase fractions of 5%, 15%, 25%, and 75% [v/v] acetonitrile in 10 mM TEAB, 
and run on a Q Exactive HF mass spectrometer (Thermo Scientific). The mass 
spectrometer settings were 120,000 resolution for MS and 60,000 resolution for MS2 
over a 90 min gradient, targeting 3e6 ions for MS and 1e5 for MS2. Maximum injection 
times were 100 millisec for MS and 200 millisec for MS2. A stepped normalized 
collision energy 30/35 was used for fragmentation. The isolation window was set to 1.2 
Da with a 0.5 offset, and the instrument was set to fragment the top 15 peptides by data 
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dependent analysis with a dynamic exclusion of 10s. An inclusion list (masses in Da: 
457.95331, 458.28107, 463.28510, 463.61322, 468.61679, 468.94397) was inserted to 
give preference to the QPNSAIRK peptide over the highest abundance peptides. The 
masses in the inclusion list represented the various modification states of P62 
(unmodified, monohydroxylated, and dihydroxylated), as well as the TMT label and 
deamidated N (+0.98 Da). To increase the signal for the dihydroxylated P62 peptide, the 
75% fraction was re-run with the settings “Do Not Pick Others.”  
Data was searched against the RefSeq2015 database Schizosaccharomyces pombe 
using the Mascot (Matrix Science) search engine running through Proteome Discoverer 
v.1.4 (Thermo Scientific) with one missed cleavage allowed and a tolerance of 10 ppm
MS and 0.03 Da MS2. 
TMT data analysis 
In order to compare the relative abundance of Rps23 P62 hydroxylation in the absence 
and presence of Nro1, first the relative abundance of Rps23 protein between the two 
samples was calculated using non-P62-containing peptides. PSMs with unique 
QuanResultIDs were used for quantification. The intensities from each PSM (𝑗𝑗 =
1, … ,𝑚𝑚), corresponding to the samples with and without Nro1, represented by 𝑠𝑠1 and 𝑠𝑠2 
respectively, were summed and divided by one another to give a correction factor (𝑓𝑓) for 
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Next, the P62-containing PSMs (𝑘𝑘 = 1, … , 𝑞𝑞) (𝑝𝑝1,𝑘𝑘 and 𝑝𝑝2,𝑘𝑘) were separated into 
three groups based on P62 modification status (unmodified, monohydroxylated, and 
dihydroxylated) and each group was analyzed independently. The ratios 𝑝𝑝1,𝑘𝑘 𝑝𝑝2,𝑘𝑘�  were 
normalized to Rps23 protein abundance and log2 transformed: 
𝑙𝑙𝑙𝑙𝑔𝑔2 �
𝑝𝑝1,𝑘𝑘 𝑝𝑝2,𝑘𝑘� ∕ 𝑓𝑓�
Finally, the Wilcoxon signed rank test was used to determine if the median of these ratios 
differed significantly from zero, the null hypothesis.  
Microscopy 
Indicated strains were cultured in rich medium to 4-7×106 cells/ml. When indicated, cells 
were incubated with 92.5 nM Leptomycin B (Cell Signaling) and vehicle (0.5% [v/v] 
ethanol) in rich medium for 1 hr. For live-cell imaging, 5 × 106 cells were pelleted, 
resuspended in 15 μl rich medium, and 1 μl spotted on untreated glass slides immediately 
prior to imaging. Cells were imaged on a Zeiss Axio Imager M2 upright fluorescence 
microscope. Images were captured using a Hamamatsu ORCA-ER digital camera and 
iVision software (BioVision), and brightness/contrast settings adjusted using ImageJ.  
Low oxygen assays 
Yeast strains were cultured and processed as previously described (Hughes et al., 2005) 
with hypoxic conditions maintained using an In vivo2 400 workstation (Biotrace, Inc). 
Briefly, cells grown to 1×107 cells/ml were resuspended in oxygenated or deoxygenated 
rich medium at 5×106 cells/ml for 3 hr then harvested and flash froze in liquid nitrogen. 
Cell pellets were lysed in 27 mM NaOH, 1% [v/v] 2-mercaptoethanol followed by TCA 
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precipitation. Protein pellets were resuspended in SDS lysis buffer, and 20-100 μg protein 
was loaded for gel electrophoresis and immunoblotting. For alkaline phosphatase (Roche) 
treatment, 20 μg protein was diluted in 50 mM Tris-HCl pH 8.5 and incubated at 37°C 
for 1 hr prior to gel loading. 
Immunoblotting 
Immunoblotting was performed as described in Hughes et al., 2005 with modifications. 
Unless indicated otherwise, samples were processed as described for low oxygen assays. 
Following electrophoresis, gels were transferred to nitrocellulose membranes using 
Trans-Blot Turbo transfer system (Bio-Rad). Membranes were blocked with 5% [w/v] 
milk in PBS-T (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, 
0.05%(v/v) Tween 20, pH 7.4) then incubated in primary antibody followed by an 
appropriate secondary (IRDye800CW or IRDye680RD mouse or rabbit IgG) and scanned 
using LI-COR Odyssey CLx imaging system. For immunopurification samples, IRDye 
680RD Detection Reagent was added to primary antibody incubation.  
Growth assays & random spore analysis 
Strains grown on rich medium agar for two days were diluted in water to 1.6×106 cells/ml 
and 3 μl were spotted on plates containing rich medium and rich medium supplemented 
with 1.6 mM CoCl2. Plates were incubated at 30°C for the indicated time. For random 
spore analysis, strains were mated for two days on malt-extract plates at room 
temperature prior to glusulase treatment (0.5% [v/v]) for 16 hr. Spores were then diluted 
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to 1.6×106 cells/ml and spotted on rich medium or rich medium plus nourseothricin (100 
µg/ml) and G418 (100 µg/ml). 
RNA Preparation and RT-qPCR analysis 
Total RNA preparation from S. pombe and RT-qPCR analysis have been described 
previously (Shao and Espenshade, 2014). Briefly, total RNA was isolated using RNA 
STAT-60 (amsbio). cDNA was synthesized using oligo d(T)23VN primers (NEB). The 
tested genes were quantified by real-time PCR using SYBR Green qPCR master mix 
(Promega). tub1+ served as the internal control to calculate the relative expression across 
different samples. Error bars represent ± SEM of fold changes from three biological 
replicates. 
Human RPS23 purification 
Human RPS23 cDNA was cloned into the pProEX HTb bacterial expression vector 
(Invitrogen) and protein expression was induced in E. coli BL21-CodonPlus (DE3)-RIPL 
competent cells (Agilent) with 0.6 mM IPTG at 37°C for 2 hr in LB medium. Cells were 
pelleted and solubilized in lysis buffer (6 M Guanidine HCl, 0.5 M NaCl, and 20 mM 
Tris-HCl pH 8.0) (10 ml/L bacterial culture) at room temperature for 2 hr. Lysates were 
cleared by centrifugation in a JA20 rotor (Beckman Coulter) at 16,000 rpm for 40 min 
and incubated with Ni-NTA agarose (1 ml resin/10 ml lysate; Qiagen) on a rotator for 2 
hr at room temperature. Lysates plus resin were transferred to columns and washed 3x 
with lysis buffer. 6xHis-RPS23 was eluted 3x with lysis buffer adjusted to pH 3.5 and 
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dialyzed overnight into 25 mM phosphate pH 6.8, 0.25 M NaCl, 2 mM DTT, and 1 mM 
PMSF. 
 
LC-MS/MS on human RPS23 
In vitro hydroxylation reaction with Ofd1 and 6xHis-RPS23 was digested with 1 μg 
trypsin (0.2 μg/μl in 50 mM acetic acid) for 2 hr at 37°C and quenched with the addition 
of TFA to a final concentration of 0.1% [v/v]. Peptides were analyzed on a Velos 
Orbitrap and parent masses (393.22 Da and 401.21 Da) were selected by SIM scan. 
Peptides were searched against the RefSeq database Homo sapiens using the Mascot 
V1.27 (Matrix Science) search engine running through Proteome Discoverer (Thermo 
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FIGURE LEGENDS 
Figure 2.1. Ofd1 binds and dihydroxylates Rps23 P62 
(A) Yeast two-hybrid assays were performed using S. cerevisiae AH109 strain 
transformed with indicated bait and prey vectors, either empty vector (EV) or expressing 
specified genes. Cells were grown on SD-Leu-Ade-Trp-His medium supplemented with 
X-α-Gal for 8 days. Shown are cropped regions of plates; see Fig 2.S1A for uncropped 
plates. (B) Full-length (FL) and truncated Rps23 were N-terminally tagged with GST and 
purified on glutathione beads from bacterial lysates. Following incubation with purified 
Ofd1 (84.5 nM), bound proteins were eluted with reduced glutathione. Input and bound 
fractions were analyzed by immunoblot using antibodies against Ofd1 and GST. (C) Top: 
crystal structure of Rps23 in the S. cerevisiae ribosome (PDB 4V88) with the Ofd1-
binding site, Rps23 (aa 1-23), colored red; bottom: surface representation of Rps23 in the 
40S subunit (left: interface; right: solvent-exposed). (D) Wild-type, ofd1Δ, and ofd1 
H142A D144A cells were treated with vehicle (8% DMSO) or crosslinker (2 mM DSP) 
for 5 min, lysed in detergent, and centrifuged to pellet ribosomes. Ofd1 was purified from 
ribosome-depleted lysates with anti-Ofd1 antibody, and input and bound fractions were 
analyzed by immunoblot with indicated antibodies. (E) Diagram outlining SILAC assay 
to quantify Rps23 hydroxylation. Yeast cells were cultured in SILAC medium 
supplemented with either heavy (H) or light (L) lysine for ≥15 generations. Whole cell 
lysates were mixed 1:1 H:L and centrifuged through a sucrose cushion to collect 
ribosomes. Ribosomal proteins were extracted from pellets and separated by gel 
electrophoresis prior to LysC digestion and LC-MS/MS. (F) Wild-type, ofd1Δ, and ofd1 
H142A D144A cells were cultured and processed as described in (E) with wild-type cells 
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labeled with heavy lysine. Error bars represent the interquartile range of H/L ratios 
containing either unmodified (unmod) or dihydroxylated (di) Rps23 P62, and 
significance was tested by Mann-Whitney (*P <0.01; **P <0.0001; n.s.). Median %H 
and %L values are reported below. See also Figure 2.S1. 
Figure 2.2. Identification of an Ofd1 binding sequence  
(A) Pair-wise alignment of Rps23 (aa 1-23) and Nro1 (aa 1-30) sequences required to 
bind Ofd1; black boxes denote identical residues and gray boxes denote similar residues. 
Amino acids enclosed by the box were individually mutated and tested for binding to 
Ofd1. (B, C) Lysates of bacteria expressing wild-type or mutant GST-Rps23 FL (B) or 
GST-Nro1 aa 1-30 (C) were incubated with glutathione beads prior to incubation with 
purified Ofd1 (84.5 nM). Input and bound fractions were analyzed by immunoblot using 
antibodies against Ofd1 and GST. 
Figure 2.3. Ofd1, Rps23, and Nro1 form a complex 
(A) Wild-type, ofd1Δ, nro1Δ, rps23Δ, and rps2302Δ cells were treated with crosslinker (2 
mM DSP), lysed in detergent, and depleted of ribosomes. Ofd1 was purified from lysates 
using anti-Ofd1 antibody, and input and bound fractions were analyzed by immunoblot 
with indicated antibodies. (B, C) Wild-type, nro1Δ, ofd1Δ, rps23Δ, and rps2302Δ cells 
were treated in the presence of crosslinker (B) or absence (C), lysed in detergent, and 
depleted of ribosomes. Nro1 was isolated from lysates using anti-Nro1 antibody, and 
input and bound fractions were analyzed by immunoblot with indicated antibodies. (D) 
GST-tagged full length (FL) and truncated Rps23 were purified on glutathione beads and 
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incubated with purified Nro1 (84.5 nM). Input and bound fractions were analyzed by 
immunoblot using antibodies against Nro1 and GST. See also Figure 2.S1. 
Figure 2.4. Dihydroxylation of Rps23 P62 requires Nro1 
(A) Wild-type and nro1Δ cells were cultured and processed as described in Fig 2.1E with 
wild-type cells labeled with heavy lysine. Error bars represent the interquartile range and 
significance was determined by Mann-Whitney (*P < 0.001, **P < 0.0001). Median % 
heavy and % light are reported below. (B) ofd1Δ and nro1Δ cells were cultured and 
processed as described in Fig 2.1E with ofd1Δ cells labeled with heavy lysine to 
determine the relative amounts of unmodified and monohydroxylated (mono) Rps23 P62 
in nro1Δ cells. Mann-Whitney test, *P < 0.0001; n.s., not significant. Median % heavy 
and % light are reported below. (C) Ofd1 (0.5 μM) and MBP-Rps23 (5 μM) were 
incubated in the absence and presence of Nro1 (5 μM) as described in Methods for 1 hr 
followed by quantification of Rps23 P62 hydroxylation by TMT LC-MS/MS. Error bars 
represent ± SEM. Significance was calculated by Wilcoxon signed rank test (*P < 0.05; 
**P <0.0001). 
Figure 2.5. Nro1 imports Rps23  
(A) rps2302-GFP and nro1Δ rps2302-GFP cells were cultured in rich medium and 
imaged by fluorescence and differential interference contrast (DIC) microscopy. Scale 
bar = 10 microns. (B) WT, rps2302-GFP, and nro1Δ rps2302-GFP whole cell extracts 
(50 μg) were analyzed by immunoblot with antibodies against GFP, Nro1, and Rps5. (C) 
mCherry-ofd1, rps23Δ mCherry-ofd1, and nro1Δ mCherry-ofd1 cells were treated with 
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vehicle (0.05% [v/v] ethanol) or the nuclear export inhibitor LMB (92.5 nM) for 1 hr 
prior to live-cell imaging by fluorescence microscopy. Scale bar = 10 microns.  
Figure 2.6. Pre-ribosomal Rps23 regulates Ofd1 inhibition of Sre1N 
(A) Indicated strains were grown on rich medium in the absence and presence of 1.6 mM 
cobalt chloride and imaged after 3 and 4 days, respectively (5000 cells per spot). (B) 
Indicated strains were cultured in rich medium in the presence or absence of oxygen for 3 
hr. Whole cell extracts (20 μg) were treated with alkaline phosphatase and analyzed by 
immunoblot with antibodies against Sre1 and actin. P=precursor; N=nuclear. (C) Wild-
type, sre1Δ, rps23Δ, and rps2302Δ cells were transformed with EV or CaMV-sre1N 
expressing vector and grown on rich medium for 3 days or rich medium containing 1.6 
mM cobalt chloride (CoCl2) for 6 days (5000 cells per spot). (D) Indicated sre1N strains 
were cultured in rich medium in the presence or absence of oxygen for 3 hr. Whole cell 
extracts (20 μg) were phosphatase-treated and analyzed by immunoblot with antibodies 
against Sre1, Ofd1, and actin. (E) Multiple sequence alignment of Sre1 aa 286-297, 
Rps23 aa 3-14, and Nro1 aa 5-16. (F) Lysates from bacteria expressing wild-type or 
mutant GST-Sre1 aa 271-340 were incubated with glutathione beads and then with 
purified Ofd1 (84.5 nM). Input and bound fractions were analyzed by immunoblot using 
antibodies against Ofd1 and GST. See also Fig 2.S2. 
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Figure 2.7. Ofd1-Rps23-Nro1 complex sequesters Ofd1 under hypoxia to activate 
Sre1N 
 (A) Sequestration model showing Ofd1 bound to either Rps23-Nro1 or Sre1N dimer. (B) 
sre1N or sre1Δ cells carrying an integrated 2XSRE-ura4+ reporter gene and transformed 
with either EV or rps2302+ under control of the adh1 promoter were grown on EMM-
Leu or EMM-Leu-Ura media (1000 cells per spot). (C) sre1N cells carrying either EV or 
plasmids overexpressing GST or GST-rps2302 from the nmt1 promoter were grown in 
minimal medium lacking thiamine for 20 hr. Whole cell extracts (100 μg) were analyzed 
by immunoblot using antibodies against Sre1N, Rps23, and actin. (D) Wild-type cells 
were cultured in rich medium in the presence of DMOG (20 mM) or DMSO (1% [v/v]) 
for 3 hr prior to treatment with vehicle or crosslinker. Samples were lysed in detergent, 
depleted of ribosomes, and incubated with anti-Ofd1 antibodies. Input and bound 
fractions were analyzed by immunoblot with indicated antibodies. (E) Wild-type cells 
were cultured in rich medium in the presence or absence of oxygen for 3 hr prior to 
treatment with crosslinker then processed as in (D). See also Fig 2.S3. 
Figure 2.S1. Ofd1 binds and hydroxylates pre-ribosomal Rps23, Related to Figures 
2.1 and 2.3 
(A) Yeast two-hybrid assays were performed using S. cerevisiae AH109 strain 
transformed with indicated bait and prey vectors, either EV or expressing specified genes. 
Cells were grown on SD-Leu-Ade-Trp-His medium supplemented with X-α-Gal for 8 
days. Cropped regions of plates used in Figure 2.1 are indicated. (B) Wild-type, rps23Δ, 
and rps2302Δ cells were cultured in rich medium, lysed in detergent, and centrifuged to 
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pellet ribosomes. Whole cell extracts and ribosome-cleared supernatant (sup) were 
analyzed by immunoblot with antibodies against Rps23 and Dsc5. Shown below a 
representative blot are mean ± SEM of three biological replicates; significance was 
determined by paired, one-tailed t test (*P < 0.05; n.s., not significant). (C) In vitro 
hydroxylation reaction containing RPS23 and Ofd1 was incubated overnight with 2OG, 
Fe(II), ascorbate, and BSA, then digested with trypsin for 2 hr followed by LC-MS/MS. 
Shown are the y ion series for RPS23 QPNSAIR peptide: unmodified (top) and 
monohydroxylated P62 (bottom). 
Figure 2.S2. Rps23 is required for Sre1N activation, Related to Figure 2.6 
(A) RNA was harvested from wild-type, sre1Δ, rps23Δ, and rps2302Δ cells grown in the 
presence or absence of oxygen for 3 hr. Extracted total RNA was analyzed by RT-qPCR 
for expression of Sre1 target hem13+ (left) and non-Sre1 target erg1+ (right). Error bars 
represent ± SEM of fold changes from three biological replicates. (B) Indicated strains 
from Bioneer haploid deletion collection were grown (5000 cells/spot) on rich medium (3 
days) and rich medium containing 1.6 mM cobalt chloride (CoCl2) (6 days).  
Figure 2.S3. GST-Rps23 does not support cell growth, Related to Figure 2.7 
rps23Δ::natr cells were mated to rps2302+-kanr and GST-rps2302-kanr cells. Cells were 
incubated with glusulase to select for meiotic products. Spores were plated and grown on 
rich medium for 2 days (control) or rich medium supplemented with nourseothricin (nat) 
and kanamycin (kan) for 8 days. 
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Figure 2.4
A. in vivo SILAC: WT (H)
nro1Δ (L)
B. in vivo SILAC: ofd1Δ (H)
nro1Δ (L)
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A. Live-cell imaging
Strain rps2302-GFP nro1Δ rps2302-GFP
GFP
DIC
C. Live-cell imaging (mCherry)  
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Prey
























































y6y yy y y5 14 3 2
Q P(OH) N IAS R
Q P N IAS R



























[M+2H]2+ 2-H  O

































































[M+2H]2+ 2-H  O
y5+






S. pombe H. sapiens
H. sapiens
S. pombe
























































30 7  +O2
 -O2














   















            99
Table 2. Yeast strains 
Strain Genotype Source Figure(s) 
KGY425 h








- his3-D1 leu1-32 ura4-D18 





- his3-D1 leu1-32 ura4-D18 
ade6-M210 ofd1 H142A D144A 
Hughes and 
Espenshade, 2008 2.1D,F 
PEY1802 h
- his3-D1 leu1-32 ura4-D18 




+ his3-D1 leu1-32 ura4-D18 





- his3-D1 leu1-32 ura4-D18 





h- his3-D1 leu1-32 ura4-D18 
ade6-M210 rps2302+-GFP(S65T)-
kanMX6 
this study 2.5A,B 
PEY1806 
h- his3-D1 leu1-32 ura4-D18 
ade6-M210 rps2302+-GFP(S65T)-
kanMX6 nro1Δ::natMX6 
this study 2.5A,B 
PEY1807 
h- his3-D1 leu1-32 ura4-D18 
ade6-M210  mCherry-ofd1-TADH1-
PURA4-kanr-TTEF 
this study 2.5C 
PEY1808 
h- his3-D1 leu1-32 ura4-D18 
ade6-M210  rps23Δ::natMX6 
mCherry-ofd1-TADH1-PURA4-kanr-
TTEF 
this study 2.5C 
PEY1809 
h- his3-D1 leu1-32 ura4-D18 
ade6-M210  nro1Δ::kanMX6 
mCherry-ofd1-TADH1-PURA4-kanr-
TTEF 
this study 2.5C 
PEY1811 
h- his3-D1 leu1-32 ura4-D18 
ade6-M210 rps2302Δ::natMX6 
sre1(aa1-440) 
this study 2.6D 
PEY1812 
h- his3-D1 leu1-32 ura4-D18 
ade6-M210 rps23Δ::natMX6 
sre1(aa1-440) 
this study 2.6D 
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Strain Genotype Source Figure(s) 
PEY1813 
h+ his3-D1 leu1-32 ura4-D18 
ade6-M210 ofd1Δ::kanMX6 
rps23Δ::natMX6 sre1(aa1-440) 
this study 2.6D 
PEY1814 
h+ his3-D1 leu1-32 ura4-D18 
ade6-M210 ofd1Δ::kanMX6 
rps2302Δ::natMX6 sre1(aa1-440) 
this study 2.6D 
PEY522 h
- his3-D1 leu1-32 ura4-D18 
ade6-M210 sre1Δ::kanMX6 
Hughes et al., 
2005 2.6A-C; 2.S2A 
ED666 h+ leu1-32 ura4-D18 ade6-M210 Bioneer 2.S2B
rps23Δ 










+ ade6-M210 or ade6-M216 
ura4-D18 leu1-32 sre1Δ::kanMX4 Bioneer 2.S2B
rps25Δ 



















Espenshade, 2008 2.6D 
PEY875 h
- his3-D1 leu1-32 ura4-D18 
ade6-M210 sre1(aa1-440) 
Hughes and 
Espenshade, 2008 2.6D; 2.7C 
PEY1290 
h+ his-D1, leu1-32, ade6-M210, 
ura4-D18::2xSRE-ura4+-kanMX, 
sre1(aa1-440) 
Lee et al., 2009 2.7B 
PEY1489 
h+ his-D1, leu1-32, ade6-M210, 
ura4-D18::2xSRE-ura4+-kanMX, 
sre1Δ::kanMX6 
this study 2.7B 
AH109 
MATα trp1-901 leu2-3,112 ura3-




James et al., 1996;     








The initial aims of this thesis were to identify an Ofd1 enzyme substrate and determine 
the role of Ofd1 oxygenase activity in Sre1N regulation. In pursuit of these objectives, I 
(1) confirmed that Rps23 is dihydroxylated by Ofd1 in a reaction that requires Nro1, (2) 
characterized an oxygen-regulated Ofd1-Rps23-Nro1 complex that controls Sre1N 
signaling, and (3) identified a new ribosomal import pathway. This chapter summarizes 
these discoveries and discusses the questions that remain in the field. 
Dihydroxylation of Rps23 P62 by Ofd1 and Nro1 
We independently identified the small ribosomal protein Rps23 as an Ofd1 binding 
partner and substrate, and confirmed that Ofd1 dihydroxylates Rps23 P62 (Fig 2.1; Fig 
2.S1;  Loenarz et al., 2014). This substrate is exciting from the perspective of translation
since Rps23 is a universal ribosomal protein conserved in all domains of life, and P62 is 
an essential residue for mRNA decoding (Sharma et al., 2007). Shockingly, despite the 
conservation of the Ofd1-Rps23 interaction among Ofd1 homologs, the actual P62 
modification is not conserved from fungi to animals. Fly and mammalian homologs 
catalyze prolyl-3-hydroxylation rather than the prolyl-3,4-dihydroxylation seen in yeast. 
Ofd1-dependent dihydroxylation requires Nro1 in vivo. Rps23 P62 shifts from 
~100% dihydroxylated in wild-type cells to 10% di-, 60% mono-, and 30% non-
hydroxylated in nro1∆ cells (Fig 2.4). How Nro1 facilitates Rps23 P62 dihydroxylation 
remains poorly understood. Similar to the modification itself, Nro1 is fungal-specific and 
lacks a mammalian homolog. However, expression of the mammalian enzyme in yeast  
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fails to rescue Rps23 P62 dihydroxylation, suggesting that the role of Nro1 is more 
complicated than simply positioning Rps23 for Ofd1 (Fig A.2B). Enzymology and 
structural studies are needed to establish the order and stereochemistry of Rps23 
hydroxylation and whether these modifications are catalyzed by a single Ofd1 molecule 
or a dimer. 
Determining the stoichiometry of the Ofd1-Rps23-Nro1 complex is crucial to 
understanding how Ofd1 dihydroxylates Rps23 P62. Numerous studies report that the 
budding yeast homolog Tpa1 exists as a dimer in both solution and crystal form (Kim et 
al., 2010; Henri et al., 2010; Horita et al., 2015). Furthermore, my thesis work defined an 
Ofd1-binding sequence shared by all known Ofd1-binding partners (Fig 2.2; Fig 2.6). 
The similarity of these sequences on Nro1 and Rps23 support a model in which an Ofd1 
homodimer binds an Rps23-Nro1 heterodimer.  
I mapped these Ofd1-binding sequences in vitro by mutating the Rps23 and Nro1 
residues to aspartate prior to incubation with Ofd1. Since Rps23 binds negatively-charged 
rRNA in the ribosome, I also tested the effectiveness of non-charged amino acids in 
blocking Ofd1-Rps23 binding in order to examine the functionality of the Ofd1-binding 
site in vivo (Fig A.1A). Ofd1 binding to Rps23 is completely abolished when Rps23 L7 is 
mutated to aspartate (Fig A.1A, lanes 3 and 4). Rps23 L7S mutants show a similar 
binding defect (Fig A.1A lanes 3 and 7). Incubating GST-Rps23 L7S with Nro1 
and Ofd1 rescues the Ofd1-Rps23 interaction, indicating that Nro1 can simultaneously 
bind both Ofd1 and Rps23. Alternatively, it is possible that Nro1 binding induces a 
conformational change in Rps23 that increases the affinity between Ofd1 and Rps23 L7S 
(Fig A.1B). Regardless of the underlying mechanism, this result shows that mutating the 
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Ofd1-binding sequence in Rps23 fails to disrupt Ofd1-Rps23-Nro1 binding in vitro, and 
probably in vivo as well (Fig A.1B).  
Rps23 L7S mutants assemble into functional 40S subunits since rps23 L7S 
rps2302 L7S cells grow like wild-type cells on rich medium (Fig A.1C). SILAC analysis 
on rps23 L7S rps2302 L7S cells revealed that only 35% of the dihydroxylated P62-
containing peptide derives from these cells (Fig A.1D). This indicates that roughly half 
the Rps23 is dihydroxylated when Ofd1 is unable to directly bind Rps23. The remaining 
Rps23 is possibly monohydroxylated, however, this conclusion is based on only one 
detected peptide spectrum match (PSM).  
From these studies on the Rps23 L7S mutant, I conclude that while the Ofd1 
binding sequence in Rps23 is not essential for formation of the Ofd1-Rps23-Nro1 
complex, the binding site is important in vivo for the complete dihydroxylation of Rps23 
P62 by Ofd1.  
Ofd1-Rps23-Nro1 complex regulates Sre1N 
Our lab’s initial interest in Ofd1 stemmed from its role as the major negative regulator of 
Sre1N, and the finding that Ofd1 enzyme activity was not required for this down-
regulation but rather only the oxygen-dependency of the regulation (Hughes and 
Espenshade, 2008). My thesis work discovered that Ofd1 dihydroxylates Rps23 in a 
complex with Nro1, and that the stability of this complex underlies the mechanism for 
Ofd1-dependent regulation of Sre1N. 
Under low oxygen or DMOG-treatment, the Ofd1-Rps23-Nro1 complex is 
stabilized (Fig 2.7). Ofd1 enzyme activity is inhibited under these conditions, and 
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therefore Ofd1 is unable to modify Rps23 P62. My work suggests that as a consequence 
of this stabilization, Ofd1 is effectively sequestered from interacting with Sre1N. This 
allows activation of Sre1N-dependent gene expression under low oxygen.  
Prior to my dissertation, low oxygen was known to stabilize the interaction 
between Ofd1 and Nro1, and this interaction is essential for lifting Ofd1-dependent 
inhibition of Sre1N (Lee et al., 2009; Fig 1.5). However, the mechanism by which 
oxygen caused this change in affinity was unknown, particularly since data indicated that 
Nro1 was not an enzyme substrate of Ofd1. By demonstrating that Ofd1 binds to both 
Nro1 and its enzyme substrate Rps23, my work illustrates how oxygen affects the 
stability of the Ofd1-Nro1 interaction. Furthermore, I show that the levels of pre-
ribosomal Rps23 control Sre1N signaling, likely by altering the concentration of the 
complex. This is supported by the inability of rps23∆ cells to activate Sre1N under low 
oxygen (Fig 2.6). These cells have only 10% of wild-type pre-ribosomal Rps23 levels, 
and presumably are unable to sequester Ofd1 under low oxygen due to reduced complex 
concentration (Fig 2.S1). Similarly, overexpression of Rps23 drives complex formation 
and sequesters Ofd1 in the presence of oxygen, leading to normoxic Sre1N activation 
(Fig 2.7). 
These findings are summarized in Figure 3 which illustrates the current model for 
Sre1N regulation by Ofd1, Nro1, and Rps23. Cytosolic pre-ribosomal Rps23 binds to 
Nro1 and traffics to the nucleus. Ofd1 dihydroxylates Rps23 P62 in a complex with Nro1 
under normoxic conditions, and the modified product is released for assembly into the 
40S subunit. Following dissociation of the complex, Nro1 and Ofd1 presumably traffic 
back to the cytosol to repeat the cycle. When oxygen is absent from the system, Rps23 
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P62 is not dihydroxylated and this causes the Ofd1-Nro1-Rps23 complex to accumulate 
in the nucleus. The complex dissociates through loss of Nro1-Rps23 binding since the 
hydroxylation reaction cannot proceed. This slow dissociation leads to a reduction in 
free Ofd1 levels that allows Sre1N activation to occur.   
The interactions described above are simplified as equilibrium expressions to 
emphasize how oxygen and protein levels impact the system (Fig 3C). These expressions 
assume that Ofd1 exists in a single state and ignore the hydroxylation status of Rps23 
P62. My thesis works builds upon the previous model (Fig 1.5C) by showing that Nro1 
and pre-ribosomal Rps23 bind strongly regardless of oxygen availability (1). Therefore, 
the interactions between Nro1 and Ofd1 described in the earlier model can be replaced 
with an Nro1-Rps23 dimer. Oxygen favors dissociation of the Ofd1-Nro1-Rps23 
complex to Ofd1 and Nro1-Rps23 (2). The increase in Ofd1 concentration subsequently 
increases formation of the Ofd1-Sre1N complex that is responsible for the inhibition of 
Sre1 signaling (3). The opposite occurs in the absence of oxygen: increased complex 
concentration reduces free Ofd1 levels and reduces Ofd1-Sre1N binding.   
When either Rps23 or Nro1 expression is elevated, the Nro1-Rps23 dimer 
concentration increases as well, leading to increased complex levels. Ofd1 concentration 
drops and free Sre1N levels rise. The opposite occurs when Nro1 or Rps23 levels are 
genetically reduced (i.e. nro1∆ and rps23∆ cells).  
Hydroxylated Rps23 P62 is predicted to bind weakly to Ofd1 and Nro1, and 
facilitate the dissociation of the complex. Whether the fungal-specific dihydroxylation 
reaction is required for complex stabilization remains to be determined. Expression of 
the human OGFOD1 in the ofd1 locus leads to monohydroxylation of Rps23 P62 (Fig 
A.2A); however, I did not test if the interaction between OGFOD1 and Rps23 is 
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stabilized under low-oxygen or DMOG-treatment. These cells phenocopy ofd1∆ cells 
with respect to Sre1N signaling but since the Ofd1 C-terminus is necessary and sufficient 
for down-regulating Sre1N, it is probable that the OGFOD1 C-terminus simply does not 
bind Sre1N (Fig A.2B).  Alternatively, the dihydroxylation of Rps23 may play a 
minimal role in complex stabilization and instead function to expand the range of 
oxygen concentrations that affect Ofd1 availability.  
While the function of dihydroxylated P62 (in contrast to monohydroxylated P62) 
remains uncertain, the effect of Rps23 on Sre1N signaling is clear. rps23∆ cells cultured 
under hypoxia (0.2% oxygen) synthesize less ergosterol compared to wild-type cells and 
show a build-up of the intermediate lanosterol (Fig A.3). Sterol synthesis is heavily 
oxygen-consumptive and requires 12 molecules of dioxygen per molecule of ergosterol 
(Espenshade and Hughes, 2007). Cells adapt to low oxygen by increasing the expression 
of key enzymes in the pathway under the control of Sre1N. These enzymes act 
downstream of lanosterol (Todd et al., 2006). The reduction in ergosterol in rps23∆ 
cells, accompanied by the increase in lanosterol, confirms that Sre1N signaling is 
defective in these cells. Deletion of Ofd1 rescues these defects, verifying that the sterol 
imbalance in rps23∆ cells is Ofd1-dependent, rather than the result of slow growth 
caused by reduced translation. 
Perhaps the greatest unsolved question in the Sre1N pathway is the mechanism by 
which Ofd1 down-regulates Sre1N. Previous studies showed that Ofd1 interacts with 
Sre1N to prevent DNA-binding (Lee et al., 2011). My work demonstrates for the first 
time that Ofd1 directly binds Sre1N in vitro, and I mapped the interaction to a non-
conserved extension in the loop region of the transcription factor (Maguire et al., 2014) 
(Fig 2.6). This region is intriguing since crystal structures of mammalian SREBP show 
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that importin beta binds nearby in the helix domain during nuclear import (Lee et al., 
2003). The proximity of the Ofd1 binding site to residues implicated in nuclear import 
suggests Ofd1 may affect Sre1N transport, either by blocking import in the cytosol or 
mediating export in the nucleus in order to prevent Sre1N from binding DNA. Neither of 
these possibilities have been examined in-depth experimentally. 
Import pathway for Rps23 
My thesis research additionally revealed a new ribosomal import pathway tied to Sre1N 
regulation. Previous studies on the Sre1N positive regulator Nro1 found that it 
structurally resembles karyopherins and is required for Ofd1 nuclear localization (Yeh et 
al., 2011). Following my discovery of the Ofd1-Rps23-Nro1 complex, I determined that 
Nro1 binds newly synthesized, pre-ribosomal Rps23 in the cytosol prior to import and 
that Ofd1 likely binds a Nro1-Rps23 dimer and dihydroxylates Rps23 P62 en route to the 
nucleus (Fig 2.5). Once in the nucleus, Nro1 must release its modified cargo for assembly 
into 40S subunits while Ofd1 and Nro1 are presumably exported to the cytosol to repeat 
the cycle.  
Nucleo-cytosolic shuttling is an active process that requires Ran and the energy 
from GTP hydrolysis. Following nuclear import, Ran-GTP binds to the importin to 
induce release of the cargo in preparation for export of the importin back to the cytosol 
(Matsuura, 2016). Whether the same or a similar mechanism functions to separate Rps23 
from Nro1 and Ofd1 is unclear, particularly since nro1∆ and ofd1∆ cells show opposite 
Rps23-GFP phenotypes despite both being components of the Ofd1-Rps23-Nro1 import 
complex. While Rps23-GFP is excluded from the nucleus in nro1∆ cells, Rps23-GFP is 
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exclusively nuclear in ofd1∆ cells (Fig A.4A). Both deletion strains represent opposite 
extremes from wild-type cells, where Rps23-GFP is concentrated in the nucleus but 
detectable in the cytosol as well.  
One explanation is that release of Rps23 from Nro1 is accelerated by 
hydroxylation of Rps23 P62, either by directly reducing the affinity of Nro1 for Rps23 or 
indirectly recruiting another protein that causes dissociation. This fits with data showing 
that Rps23-GFP localization is restored when OGFOD1 is knocked into ofd1∆ cells (Fig 
A.4B). Alternatively, Ofd1 may act as an exporter of Rps23-GFP since this fusion protein 
is not assembled into functional 40S subunits (Fig A.4C). This is supported by the diffuse 
localization of Rps23-GFP in ofd1∆nro1∆ cells (Fig A.4D). If Ofd1 functions as a 
nuclear exporter, its physiological cargo is most likely not pre-ribosomal Rps23 since 
40S subunit assembly occurs in the nucleus. 
Regardless of any potential role of Ofd1 in nuclear export, multiple lines of 
evidence support its role in Rps23-dependent import. One of the more useful reagents I 
generated during my thesis work is a strain expressing mCherry-Ofd1 from the ofd1 locus. 
The fluorescent protein-tagged enzyme (1) recapitulates the indirect immunofluorescence 
data previously generated by the lab, (2) effectively down-regulates Sre1N, and (3) 
dihydroxylates Rps23 P62 to the same extent as untagged Ofd1 (Fig A.5). mCherry-Ofd1 
is concentrated in the nucleus in wild-type cells but shifts to the cytosol in rps23∆ cells 
(Fig 2.5). Inhibiting export by LMB-treatment restores Ofd1 to the nucleus but only under 
conditions in which protein synthesis is unperturbed (Fig A.6A). Most likely, Ofd1 is 
cytosolic in rps23∆ cells due to an insufficient supply of pre-ribosomal Rps23 for Ofd1 
and Nro1 to import. Preventing export of nuclear Ofd1 results in mCherry-Ofd1 signal re-
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concentrating in the nucleus over time. Cycloheximide (CHX) treatment, however, 
prevents the synthesis of fresh Rps23, thereby preventing restoration of nuclear Ofd1. 
In addition to Ofd1 localization, LMB-treatment also rescues Sre1N signaling in 
rps23∆ cells (Fig A.6B). This result is surprising and its explanation deceptively elusive. 
The Ofd1 nuclear localization is likely not the direct cause since cells with nuclear Ofd1 
still fail to activate Sre1N in nro1∆ cells (Yeh et al., 2011). Perhaps the simplest 
explanation is that treatment with LMB indirectly elevates pre-ribosomal Rps23 to levels 
sufficient for Sre1N signaling to turn on. Since the target of LMB – Crm1 – is the major 
exportin for both proteins and ribosomal subunits, it is probable that LMB-treatment 
disrupts processes upstream from nuclear export, including ribosome biogenesis (Zemp 
and Kutay, 2007). This hypothesis is easily tested by measuring pre-ribosomal Rps23 
levels in rps23∆ cells treated with LMB.  
Finally, I present data showing that DMOG, like LMB, leads to an accumulation 
of Ofd1 and Nro1 in the nucleus (Fig A.7-8). This experiment is significant because it 
demonstrates independently that Rps23 nuclear import occurs in the absence of Ofd1 
hydroxylation and indicates that the stabilized Ofd1-Rps23-Nro1 complex builds up in 
the nucleus under low oxygen. These results derived from cells expressing GFP-Nro1 and 
mCherry-Ofd1 from the nro1 and ofd1 loci, respectively, in rps23∆ cells. GFP-Nro1 is 
expressed at 1% of untagged levels but localizes to the nucleus, as reported for 
endogenous Nro1 (Fig A.7) (Lee et al., 2009). In the rps23∆ background, GFP-Nro1 and 
mCherry-Ofd1 are shifted from the nucleus to the cytosol relative to rps23+ cells (Fig 
A.8). This allows DMOG-treatment to clearly show a build-up in nuclear Nro1 and Ofd1 
signal over 1 hr (Fig A.8A). Hypoxia likely results in the same nuclear accumulation of 
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the Ofd1-Rps23-Nro1 complex. It is unclear whether the reduction in cytosolic Ofd1 
plays a role in Sre1N activation under low oxygen without a greater understanding of 
how Ofd1 down-regulates Sre1N. 
Ofd1/OGFOD1 and stress granules 
The discovery that Ofd1 hydroxylates a proline residue required for life suggests that the 
conserved Ofd1-Rps23 interaction is consequential. Thus, we were both surprised and 
disappointed that mice lacking Ogfod1 are viable and lack obvious defects (Mouse 
Genome Database). Under steady-state conditions, the function of OGFOD1 is clearly 
not essential. However, previous studies found that OGFOD1 is a component of stress 
granules, and that the abrupt absence of OGFOD1 itself can elicit a stress response from 
the cell (Singleton et al., 2014; Wehner et al., 2010). Stress granules are dynamic, 
punctate structures that form in the cytosol in response to cellular stress and contain 
ribosomal subunits, mRNA, and various other proteins (Mahboubi and Stochaj, 2017). 
I tested stress granule formation in S. pombe using the marker Pabp-GFP and 
confirmed that like wild-type cells under steady state conditions, ofd1∆ cells do not form 
stress granules. However, both mCherry-Ofd1 and Pabp-GFP formed puncta in the 
cytosol upon heat stress, indicative of stress granule assembly and in accord with data on 
the mammalian homologs.  
Unexpectedly, mCherry-Ofd1 localizes to puncta under steady-state conditions 
when rps2302 P62 is mutated to either A, I, Q, or R (Fig A.9A). These cells are viable 
since they express wild-type rps23 but grow slowly. Compared to rps2302∆ cells, Ofd1 
nuclear localization is rescued in rps2302 P62 mutant cells which provides further 
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evidence that P62 hydroxylation is not required for nuclear import of the Ofd1-Rps23-
Nro1 complex.  
Whether these puncta are actually stress granules or some other cellular 
compartment remains to be tested. However, given that cells require Rps23 P62 for 
viability and expend a great amount of energy assembling 40S subunits, it is possible that 
Ofd1 performs quality control for Rps23 P62. In this highly speculative scenario, the 
inability of Ofd1 to hydroxylate a mutated copy of Rps23 prevents its assembly into the 
40S subunit. Ofd1 diverts non-functional Rps23 back to the cytosol for degradation 
which manifests as puncta by live-cell imaging. Predictions based on this model include 
negative genetic interactions between ofd1∆ and rps2302 P62 mutant cells since the 
absence of Ofd1 would prevent the cell from prematurely degrading mutant Rps23 P62.  
While this quality control system has little data to support it, other checkpoints 
have been described for ribosome biogenesis (Strunk et al., 2012). Finally, live-cell 
imaging of enzyme-dead Ofd1 H142A D144A in rps2302 P62A cells shows Ofd1 
severely mislocalized around the nuclear pore rather than uniformly distributed 
throughout the cell (Fig A.9B) This dramatic change could be indicative of defects in 
trafficking through the nuclear pore that in turn reflect broader cellular growth problems. 
FINAL THOUGHTS 
My thesis work describes the most detailed signaling pathway to date for fungal oxygen 
homeostasis. This mechanism is distinct from the mammalian PHD/FIH-regulated HIF 
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system and provides a model for how ribosomal oxidases (ROX) might function in 
general (Fig 1.1; Fig 3).  
In addition to Ofd1 and its homologs, the ROX family includes the bacterial 
oxygenase YcfD and its human homologs NO66 and MINA53 (Ge et al., 2012). 
Despite being homologs, these enzymes do not hydroxylate conserved substrates, nor 
do they even modify the same residue. Bacterial YcfD hydroxylates an asparagine 
residue in Rpl16 while its two human homologs target histidine residues in Rpl8 and 
Rpl27a. However, the functional consequences of these modifications are unknown and 
deletion of the enzymes results in mild growth defects. Based on the location of these 
modified residues in the ribosome, it is unlikely that the addition of a hydroxyl group 
directly affects protein synthesis. Instead, I propose that the primary regulatory targets 
of ROXs are not their substrates but rather non-hydroxylated binding partners, similar 
to the regulation of Sre1N by Ofd1. 
While it is possible that Ofd1 hydroxylates Sre1N, data shows that Ofd1 enzyme 
activity is not required for Sre1N down-regulation: mutating the active site or expressing 
the non-enzymatic C-terminus suffice to inhibit Sre1N from binding DNA (Hughes et al., 
2008; Lee et al., 2011). This is in contrast to PHD-mediated degradation of HIF where 
the hydroxylated residues are directly responsible for the degradation of the protein and 
mutating either the target residue in the substrate or the active site of the enzyme results 
in pervasive HIF signaling (Fig 1.1; Fig 3) (Kaelin and Ratcliffe, 2008). 
 So while PHD oxygenase activity is required to directly regulate HIF, the inverse 
occurs in the Ofd1-Sre1N system: Ofd1 constitutively and non-enzymatically down-
regulates Sre1N unless bound in a complex with Rps23 and Nro1. In this model, the 
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availability of Ofd1 – and its capacity to inhibit Sre1N – depends on both oxygen 
concentration and Rps23 levels. This allows Sre1N to be regulated in an oxygenase-
dependent manner without being a direct target for hydroxylation.  
We show genetically that large changes in Rps23 levels can override the oxygen-
dependent control of Sre1N by Ofd1. Overexpression of Rps23 activates Sre1N in the 
presence of oxygen while reducing pre-ribosomal Rps23 levels by 90% leads to 
constitutive inhibition. In addition, Ofd1 localization shifts from the nucleus to the 
cytosol in cells depleted of pre-ribosomal Rps23. These data show that Rps23 levels can 
tune Sre1N signaling, and since Rps23 expression is intrinsic to the growth state of the 
cell, this suggests that the external environment can affect Sre1N signaling through 
Rps23.  
However, my efforts to physiologically modulate Rps23 levels by manipulating 
nutritional conditions were ultimately unsuccessful. I tested Ofd1 localization as an 
indirect measure of pre-ribosomal Rps23 levels under various physiological stress 
conditions such as glucose and nitrogen starvation, as well as TOR pathway inhibition. 
No condition replicated the dramatic Ofd1 mislocalization seen in rps23∆ cells. This 
suggests that these cells represent an extreme, non-physiological degree of Rps23 
repression. Alternatively, Ofd1 localization may not reflect pre-ribosomal Rps23 levels. 
So, while theoretically pre-ribosomal substrates allow the nutritional state of the cell to 
regulate ROX activity, the experimental evidence is not conclusive. Future studies on 
Ofd1 enzymology are necessary to determine the Rps23 concentration range that affects 
Ofd1 activity, and to what extent environmental conditions alter Rps23 levels. 
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A distinct possibility is that cells never reduce the expression of Rps23 below the 
threshold required for loss of oxygen-dependent regulation of Sre1N by Ofd1. Under this 
scenario, the pre-ribosomal substrate acts as a buffer to ensure that Ofd1 availability is 
ultrasensitive to changes in oxygen concentration and impervious to changes in other 
environmental conditions.  
Finally, the pool of pre-ribosomal proteins represents an ideal substrate source for 
hydroxylases in particular. Hydroxylation is an irreversible post-translational 
modification, and these ribosomal proteins are rapidly assembled into large and small 
subunits following import to the nucleolus (Singleton et al., 2011). Consequently, ROXs 
are unlikely to be inhibited by their hydroxylated products in vivo.  
All these observations support a model in which ribosomal protein substrates 
function primarily to control ROXs in order to regulate other targets. Based on my thesis 
work, one approach to identifying these potential targets is to overexpress the ribosomal 
protein substrates and screen for gene expression changes in processes unrelated to 
translation. The interactions between ROXs and their substrates are likely to reveal novel 
extra-ribosomal functions.  
In addition to Rps23, other ribosomal proteins are implicated in pathways outside 
of protein synthesis. The most studied is the regulation of p53 by Rpl5, Rpl11, and Rpl23 
(Dai and Lu, 2004; Lohrum et al., 2003; Zhang et al., 2003; Jin et al., 2004; Dai et al., 
2004). These specific ribosomal proteins (RPs) bind and inhibit the E3-ligase Mdm2 in 
the nucleus and thereby prevent the ubiquitination and degradation of the tumor 
suppressor p53. The latter functions to protect the genome by arresting the cell cycle or 
inducing apoptosis under various stress conditions (Miliani de Marval and Zhang, 2011). 
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The RP-Mdm2-p53 signaling axis is thought to signal nucleolar stress to p53, and the 
mechanism bears striking similarities to the Rps23-Nro1-Ofd1-Sre1N pathway. The RPs 
in mammalian cells inhibit Mdm2 by blocking its interaction with p53. Like the 
sequestration model in fission yeast, overexpression of any one of the RPs aberrantly 
stabilizes p53 and induces cell cycle arrest (Dai and Lu, 2004; Lohrum et al., 2003; Jin et 
al., 2004). Interestingly, these studies suggest that nutrient stress signals to p53 by 
promoting the release of the RPs from the nucleolus (Miliani de Marval and Zhang, 
2011). Since ribosome biogenesis occurs in the nucleolus, this model implies that under 
nutrient starvation, ribosomal subunit assembly stalls and the subsequent increase in pre-
ribosomal RPs signals stress. 
In both the mammalian and fungal systems, pre-ribosomal proteins control 
alternate, pro-growth pathways. And in both systems, disruptions to ribosome biogenesis 
are predicted to slow growth by impacting tangential signaling networks in addition to 
ribosome production. My dissertation describes how the import of ribosomal protein S23 
evolved to control oxygen-sensing in fission yeast. It remains to be determined whether 
this crosstalk among pathways promotes survival under physiological conditions. 
Regardless, the need for ribosomal nuclear import pathways in eukaryotes provided an 
ideal opportunity for these networks to evolve and others are predicted to exist. 
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FIGURE LEGENDS 
Fig 3. Current model of Sre1N regulation by Ofd1-Rps23-Nro1 
(A) Nro1 binds newly synthesized pre-ribosomal Rps23 in the cytosol, and this 
heterodimer likely recruits an Ofd1 homodimer for transport through the nuclear pore. 
Once in the nucleus, Rps23 is released following dihydroxylation by Ofd1. Ofd1 
dissociates from the complex and interacts with Sre1N to inhibit DNA-binding under 
normoxia. (B) In the absence of oxygen, Ofd1 is unable to dihydroxylate Rps23 P62. 
Thus, the Ofd1-Rps23-Nro1 complex accumulates in the nucleus and Ofd1 is sequestered 
from Sre1N. (C) Equilibrium expressions for binding among Ofd1, Nro1, Rps23, and 
Sre1N. The model is simplified by assuming that Ofd1 exists as a monomer and that 
Rps23 hydroxylation status does not affect binding.  
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Figure 3
A. Sre1N regulation: +O
B. Sre1N regulation: -O
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APPENDIX A 
SUPPLEMENTAL DATA RELATED TO CHAPTER 2 
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SUPPLEMENTAL METHODS (see Chapter 2) 
Antibodies 
Rabbit anti-mCherry polyclonal (PA5-34974) was purchased from ThermoFisher 
Scientific. Rabbit anti-OGFOD1 was lab-made (antigen: 6xHis-OGFOD1 aa 1-256 and 
6xHis-OGFOD1 aa 257- 542).  
Microscopy 
Indirect immunofluorescence was performed as previously described (Hughes and 
Espenshade, 2008). Briefly, cells (5 × 107) grown to 0.5-1×107 cells/ml were fixed for 1 
hr at 30°C following the addition of 1/9 volume  37% [v/v] paraformaldehyde and 1/9 
volume 2% [v/v] glutaraldehyde. Cells were pelleted (20,000 ×g, 1 min) and resuspended 
in 1 ml PEM (0.1 M PIPES, pH 6.9, 1 mM EGTA, 1mM MgSO4). Cells were washed 1x 
with PEM then incubated for 1 hr at room temp with Zymolyase (Seikagaku) to digest the 
cell wall (0.5 mg Zymolase 100T resuspended in 1 ml PEM + 1.1 M sorbitol). Cells were 
pelleted (2,000 ×g, 1 min) and incubated for 10 min with 1% Triton X-100, PEM, 1.1 M 
sorbitol. After 2x washes in PEM, cells were washed with PEM + 1 mg/ml sodium 
borohydride to quench unreacted aldehydes, and washed 2x in PEM. Cells were 
resuspended in PEMBAL (PEM, 1% [w/v] BSA, 0.1% sodium azide, 0.1 M lysine 
hydrochloride) and incubated for 30 min at room temp. Cells were pelleted and 
resuspended in PEMBAL containing 4 μg/ml affinity-purified Ofd1 antibody overnight at 
room temp. Following 3x washes in PEMBAL, cells were incubated for 4 hr at room 
temp with goat anti-rabbit 488 (10 μg/ml resuspended in PEMBAL). After 3x washes in 
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PEMBAL, cells were washed 1x with PBS and resuspended in 0.2 μg/ml DAPI. Cells 
were washed 1x with PBS then spotted onto untreated glass slides for imaging. 
Ergosterol synthesis assay 
Ergosterol synthesis was measured by thin layer chromatography (TLC) as previously 
described (Hughes et al., 2005). Briefly, 4 x106 cells/mL were grown for 3 hrs at 0.2% 
oxygen then labeled with 1 μCi/mL [1,2-14C] acetic acid (ARC, Inc) for 1 hr. Cultures 
were harvested with the addition of 1 M NaN3 to a final concentration of 10 mM then 
pelleted and resuspended in methanol followed by the addition of 60% [w/v] KOH to a 
final concentration of 20%. As an internal control, 0.5 μCi [1,2-3H] cholesterol was added 
to each sample followed by incubation at 75°C for 2 hrs to break down sterol esters. 
Lipids were extracted 2X with 4 ml petroleum ether, evaporated under nitrogen gas, and 
resuspended in 200 μl hexane. Scintillation counting for 3H was performed using 5 μl of 
sample to control for extraction efficiency. Next, samples were evaporated to a final 
volume of roughly 20 μl and applied to Silica Gel 60 F254 TLC plates (Fisher) using a 
Drummond Wiretrol pipet. Lipids were resolved by developing plates 2X with 
benezene:ethyl acetate 5:1 [v/v] to 5 cm followed by 1X petroleum ether:diethyl 
ether:glacial acetic acid 95:5:1 [v/v] to 7.5 cm. TLC plates were exposed overnight to an 
imaging screen-K (Kodak) and scanned using a PharosFX Plus Molecular Imager 
(BioRad). Analysis was performed using Quantity One software (BioRad). Ergosterol 
and lanosterol levels were quantified relative to total lipid signal. 
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FIGURE LEGENDS 
Figure A.1. Rps23 L7S fails to bind Ofd1 and is incompletely dihydroxylated 
(A) Lysates of bacteria expressing wild-type or mutant GST-Rps23 FL were incubated 
with glutathione beads prior to incubation with purified Ofd1 (84.5 nM). Input and bound 
fractions were analyzed by immunoblot using antibodies against Ofd1 and GST. Shown 
are representative blots from one of two independent experiments. (B) Lysates of bacteria 
expressing GST-Rps23 L7S were incubated with glutathione beads prior to incubation 
with either purified Ofd1 (84.5 nM), purified Nro1 (84.5 nM), or both Ofd1 and Nro1 
(1:1). Input and bound fractions were analyzed by immunoblot using antibodies against 
Ofd1, Nro1, and GST. Shown are blots from one experiment. (C) Indicated strains were 
grown on rich medium and imaged after 2 days (5000 cells per spot). (D) Wild-type and 
rps23 L7S rps2302 L7S cells were cultured in SILAC medium supplemented with heavy 
(H) and light (L) lysine, respectively, for ≥15 generations. Whole cell lysates were mixed 
1:1 H:L and centrifuged through a sucrose cushion to collect ribosomes. Ribosomal 
proteins were extracted from pellets and separated by gel electrophoresis prior to LysC 
digestion and LC-MS/MS. Error bars represent the interquartile range of H/L ratios 
containing either monohydroxylated (mono) or dihydroxylated (di) Rps23 P62, and 
significance was tested by Mann-Whitney (*P <0.05) Median %H and %L values are 
reported below. Shown are PSMs from one experiment. 
Figure A.2. OGFOD1 monohydroxylates Rps23 P62 and fails to regulate Sre1N  
(A) Wild-type and OGFOD1 KI cells were cultured and processed as described in Figure 
A.1D. Error bars represent the interquartile range of H/L ratios containing either 
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unmodified (unmod), monohydroxylated (mono), or dihydroxylated (di) Rps23 P62, and 
significance was tested by Mann-Whitney (*P <0.001; **P <0.0001) Median %H 
and %L values are reported below. Shown are PSMs from one experiment. (B) Indicated 
strains were cultured in rich medium in the presence or absence of oxygen for 3 hr. 
Whole cell extracts (50 μg) were analyzed by immunoblot with antibodies against Sre1, 
Ofd1, OGFOD1, and Rps23. Shown are blots from one experiment.  
Figure A.3. rps23Δ cells synthesize less ergosterol under hypoxia 
Indicated strains were cultured in rich medium for 3 hrs at ambient or 0.2% oxygen then 
labeled with 14C-acetate for 1 hr. Sterols were extracted and resolved by TLC and 
ergosterol levels were quantified relative to total labeled sterols. Error bars represent 
±SEM of three biological replicates from one independent experiment. Significance was 
determined by analysis of variance (ANOVA) followed by Fisher’s LSD (*P < 0.05; **P 
< 0.01). 
Figure A.4. Ofd1 and Nro1 affect Rps23-GFP localization 
 (A) Indicated strains were cultured in rich medium and imaged by fluorescence 
microscopy. Scale bar = 10 microns. Shown are representative images from one of two 
independent experiments. (B) rps2302-GFP, ofd1Δ rps2302-GFP, and OGFOD1 KI 
rps2302-GFP cells were cultured in rich medium and imaged by fluorescence 
microscopy. Scale bar = 10 microns. Shown below are the florescence profiles for 
individual cells. Shown are images from one of two independent experiments. (C) 
rps23Δ::natr cells were mated to rps2302+-kanr and rps2302-GFP-kanr cells. Cells were 
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incubated with glusulase to select for meiotic products. Spores were plated and grown on 
rich medium for 2 days (control) or rich medium supplemented with nourseothricin (nat) 
and kanamycin (kan) for 8 days. Shown are representative images from one of two 
independent experiments. (D) Indicated strains were cultured in rich medium and imaged 
by fluorescence microscopy. Scale bar = 10 microns. Shown are representative images 
from one of two independent experiments. 
Figure A.5. mCherry-Ofd1 downregulates Sre1N and dihydroxylates Rps23 
(A) mCherry-ofd1, rps23Δ mCherry-ofd1, nro1Δ mCherry-ofd1, and ofd1Δ cells were 
cultured in rich medium and imaged for mCherry (top row) or processed for indirect 
immunofluorescence using anti-Ofd1 antibody and DNA staining (DAPI) (bottom rows). 
Shown are representative images from one of two independent experiments. (B) Wild-
type, mCherry-ofd1, rps23Δ mCherry-ofd1, nro1Δ mCherry-ofd1, and ofd1Δ cells were 
cultured in rich medium. Whole cell extracts (50 μg) were analyzed by immunoblot with 
antibodies against mCherry and Ofd1. Shown are representative blots from one of two 
independent experiments. (C) Indicated strains were cultured in rich medium in the 
presence or absence of oxygen for 3 hr. Whole cell extracts (20 μg) were treated with 
alkaline phosphatase and analyzed by immunoblot with antibodies against Sre1, Ofd1, 
and actin. Shown are representative blots from one of two independent experiments. (D) 
Wild-type and ofd1Δ::mCherry-ofd1+ cells were cultured and processed as described in 
Figure A.1D. Error bars represent the interquartile range of H/L ratios containing either 
monohydroxylated (mono) or dihydroxylated (di) Rps23 P62, and significance was tested 
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by Mann-Whitney (n.s.: not significant). Median %H and %L values are reported below. 
Shown are PSMs from one of two independent experiments. 
Figure A.6. LMB treatment rescues Ofd1 nuclear localization and Sre1N levels 
(A) mCherry-ofd1, rps23Δ mCherry-ofd1, and nro1Δ mCherry-ofd1 cells were cultured in 
rich medium in the presence of DMSO (1% [v/v]) or the protein synthesis inhibitor CHX 
(100 μg/mL) for 15 min followed by treatment with EtOH (0.05% [v/v]) or the nuclear 
export inhibitor LMB (92.5 nM) for 1 hr prior to live-cell imaging by fluorescence 
microscopy. Scale bar = 10 microns. Shown are images from one experiment. (B) 
Indicated strains were cultured in rich medium in the presence of vehicle (0.05% [v/v] 
ethanol) or LMB (92.5 nM) for 1 hr prior to incubation in the presence or absence of 
oxygen for 3 hr. Whole cell extracts (50 μg) were analyzed by immunoblot with 
antibodies against Sre1 and actin. Shown are representative blots from one of two 
independent experiments. 
Figure A.7. Nro1 localizes to the nucleus 
(A) Wild-type, nro1Δ, and GFP-nro1 cells were cultured in rich medium in the presence 
or absence of oxygen for 3 hr. Whole cell extracts (50 μg) were analyzed by immunoblot 
with antibodies against Sre1, Nro1, and actin. P=precursor; N=nuclear. Shown are blots 
from one experiment. (B) GFP-nro1+cells were cultured in rich medium and imaged by 
fluorescence microscopy. Scale bar = 10 microns. Shown are representative images from 
one of two independent experiments. 
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Figure A.8. DMOG treatment causes Ofd1 and Nro1 to accumulate in the nucleus  
(A, B) mCherry-ofd1 GFP-nro1 rps23Δ and mCherry-ofd1 GFP-nro1 cells were cultured 
in rich medium and treated with DMOG (20 mM) or DMSO (1% [v/v]) for 1 hr prior to 
live-cell imaging by fluorescence microscopy. Scale bar=10 microns. Shown below are 
the florescence profiles for individual cells. Shown are representative images from one of 
two independent experiments. 
Figure A.9. Ofd1 is mislocalized in rps2302 P62 mutant cells 
(A, B) Indicated strains were cultured in rich medium and imaged by fluorescence 
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Figure A.2
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D. Live-cell imaging (GFP)
Strain
Figure A.4 (continued)
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Strain mCherry-ofd1 rps23Δ mCherry-ofd1 nro1Δ mCherry-ofd1
Figure A.5
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A.  Live-cell imaging (mCherry)
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B. Live-cell imaging 
Figure A.8 (continued)
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Figure A.9 
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B. Live-cell imaging (mCherry) 
Figure A.9 ontinued  
Strain
Strain KI KI
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Table A. Yeast strains 
Strain Genotype Source Figure(s) 
KGY425 h






- his3-D1 leu1-32 ura4-D18 
ade6-M210 ofd1Δ::natMX6 this study A.3; A.5A,B 
SCY311 
h+ his3-D1 leu1-32 ura4-D18 
ade6-M210 rps23 L7S rps2302 
L7S 
this study A.1C-D 
SCY305 h
+ his3-D1 leu1-32 ura4-D18 
ade6-M210 rps2302 L7S this study A.1C 
SCY304 h
- his3-D1 leu1-32 ura4-D18 
ade6-M210 rps23 L7S this study A.1C 
PEY1802 h
- his3-D1 leu1-32 ura4-D18 
ade6-M210  nro1Δ::natMX6 this study A.7A 
SCY249 
h- his3-D1 leu1-32 ura4-D18 
ade6-M210 rps2302+-GFP(S65T)-
kanMX6 ofd1Δ::natMX6 
this study A.4A,B 
PEY1804 h
- his3-D1 leu1-32 ura4-D18 
ade6-M210  rps23Δ::natMX6 this study A.3; A.4C 
PEY1805 
h- his3-D1 leu1-32 ura4-D18 
ade6-M210 rps2302+-GFP(S65T)-
kanMX6 
this study A.4A-B 
SCY259 
h+ his3-D1 leu1-32 ura4-D18 
ade6-M210 rps2302+-GFP(S65T)-
kanMX6 
this study A.4C 
PEY1806 
h- his3-D1 leu1-32 ura4-D18 
ade6-M210 rps2302+-GFP(S65T)-
kanMX6 nro1Δ::natMX6 
this study A.4A,D 
PEY1807 
h- his3-D1 leu1-32 ura4-D18 
ade6-M210  mCherry-ofd1-TADH1-
PURA4-kanr-TTEF 
this study A.5A,B,D 
PEY1808 
h- his3-D1 leu1-32 ura4-D18 
ade6-M210  rps23Δ::natMX6 
mCherry-ofd1-TADH1-PURA4-kanr-
TTEF 
this study A.5A,B; A.6A 
PEY1809 
h- his3-D1 leu1-32 ura4-D18 
ade6-M210  nro1Δ::kanMX6 
mCherry-ofd1-TADH1-PURA4-kanr-
TTEF 
this study A.5A,B 
SCY254 h
- his3-D1 leu1-32 ura4-D18 
ade6-M210 rps2302+-GFP(S65T)- this study A.4A 
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Strain Genotype Source Figure(s) 
kanMX6 ofd1 H142A D144A 
PEY1812 
h- his3-D1 leu1-32 ura4-D18 
ade6-M210 rps23Δ::natMX6 
sre1(aa1-440) 
this study A.6B 
SCY255 




this study A.4D 
SCY435 
h- his3-D1 leu1-32 ura4-D18 
ade6-M210 GFP(S65T)-nro1-
TADH1-PURA4-kanr-TTEF 
this study A.7A,B 
PEY522 h
- his3-D1 leu1-32 ura4-D18 
ade6-M210 sre1Δ::kanMX6 
Hughes et al., 
2005 A.2B 
SCY369 




this study A.5C 
PEY1410 
h? ade6-M210 or ade6-M216 
ura4-D18 leu1-32 nro1Δ::kanMX4 
sre1(aa1-440) 
Lee et al., 2009 A.6B 
SCY492 
h+ his3-D1 leu1-32 ura4-D18 
ade6-M210 rps23Δ::natMX6 
ofd1Δ::kanMX6 
this study A.3 
SCY444 




this study A.8B 
SCY463 





this study A.8A 
PEY1817 
h+ his3-D1 leu1-32 ura4-D18 
ade6-M210 rps2302+-TADH1-PURA4-
kanr-TTEF 
this study A.4C 
PEY873 













A.2B; A.5C; A.6B 
SCY247 h
- his3-D1 leu1-32 ura4-D18 
ade6-M210 ofd1Δ::OGFOD1 KI this study A.2A 
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Strain Genotype Source Figure(s) 
SCY264 
h- his3-D1 leu1-32 ura4-D18 
ade6-M210 rps2302+-GFP(S65T)-
kanMX6 ofd1Δ::OGFOD1 KI 
this study A.4B 
SCY253 
h- his3-D1 leu1-32 ura4-D18 
ade6-M210 ofd1Δ::OGFOD1 KI 
sre1(aa1-440) 
this study A.2B 
SCY395 




this study A.9A,B 
SCY393 




this study A.9A,B 
SCY398 




this study A.9A 
SCY401 




this study A.9A 
SCY404 




this study A.9A 
SCY413 
h? his3-D1 leu1-32 ura4-D18 
ade6-M210 rps2302+-TADH1-PURA4-
kanr-TTEF mCherry-ofd1 H142A 
D144A-TADH1-PURA4-kanr-TTEF 
this study A.9B 
SCY411 





this study A.9B 
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APPENDIX B 
COBALT SENSITIVITY OF SMALL RIBOSOMAL GENE DELETIONS 
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INTRODUCTION 
The focus on Rps23 arose from multiple screens implicating it in the Sre1 pathway. In 
addition to the yeast two-hybrid screen that identified Rps23 as an Ofd1/OGFOD1 
binding partner (Fig 2.1; Fig 2.S1), rps23∆ mutant cells were identified in screens for 
cobalt sensitivity by our lab and others (Burr et al., 2016; Ryuko et al., 2012). 
High cobalt concentrations are used as a surrogate for hypoxic conditions in both 
mammals and fungi. How cobalt mimics the low oxygen environment is poorly 
understood, and several different mechanisms have been reported for mammalian cells 
(Yuan et al., 2003; Triantafyllou et al., 2006). In addition, cobalt is able to displace Fe(II) 
in the active site of enzymes which typically inactivates them (Sinclair et al., 1979). Our 
lab, in collaboration with others, previously reported that the Sre1 pathway is required for 
fungal growth in the presence of cobalt (Lee et al., 2007). Several Fe(II)-containing 
enzymes function in this pathway, and the study showed that ergosterol biosynthesis is 
impaired in the presence of cobalt, likely due to reduced Fe(II)-dependent enzyme 
activity. Sre1N signaling is essential for viability in these cells since Sre1N upregulates 
many of these enzymes. Thus, the finding that rps23∆ cells fail to grow on cobalt 
suggested that Sre1N activity is abnormally low in these cells.   
My thesis work dissected the mechanism by which Rps23 controls Sre1N 
signaling in S. pombe (Chapter 2), and speculated that Rps23, as a constituent of the 
ribosome, permits growth conditions to tune Sre1 activity given that Rps23 expression 
directly correlates with Sre1N activation. Since 31 additional proteins make up the 40S 
subunit, I hypothesized that deletions of the genes coding these proteins may affect pre-
ribosomal Rps23 levels by impairing ribosome biogenesis, and that this would indirectly 
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affect Sre1N activity. Therefore, I screened small ribosomal gene deletions in the Bioneer 
haploid deletion collection to identify strains that show sensitivity to cobalt to a degree 
similar to or approaching that observed for rps23∆ cells. 
RESULTS 
Subset of small ribosomal protein mutants are cobalt sensitive 
To test if the failure to grow on cobalt is specific to rps23∆ and rps2302∆ cells, I 
examined all the non-essential small ribosomal protein deletions in the Bioneer collection. 
57 genes code for 32 small ribosomal proteins, and since the majority of the genes are 
duplicated, only 7 are essential. Of the remaining 50 genes, I confirmed the correct 
deletion for 30 and tested their sensitivity to cobalt. While the majority of the deletion 
strains grew like wild-type cells (e.g. rps18∆), several showed cobalt growth defects 
comparable to rps23∆ cells (Fig B.1). In the case of rps19∆, slow growth on cobalt was 
accompanied by slow growth on rich medium. Thus, the cobalt growth phenotype likely 
reflects defects in translation as opposed to defects in Sre1 signaling. For the remaining 
cobalt-defective strains, growth on rich medium was relatively normal which suggests 
that Sre1 signaling might be impaired, similar to rps23∆ and rps2302∆ cells (Fig B.1B). 
Deletion of Ofd1 rescues cobalt growth defects in rps∆ cells 
To determine if the cobalt sensitivity of rps402∆, rps11∆, and rps15∆ cells is Sre1N-
dependent, I tested if deleting ofd1+ in these cells rescues growth. Ofd1 is the major 
negative regulator of Sre1N, and ofd1∆ cells grow more robustly than wild-type cells in 
medium containing cobalt (Fig B.2). First, I remade these mutants, as well as rps18∆ 
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cells as a control, in the background commonly used in the lab (KGY425). Surprisingly, 
when I re-tested the growth on cobalt, all these newly generated cells showed sensitivity, 
including rps18∆ cells (Fig B.2). These cells displayed a milder growth defect relative to 
rps402∆, rps11∆, and rps15∆ cells, and every strain grew faster than rps23∆ cells on 
cobalt. However, the sensitivity of rps18∆ cells in the KGY425 background and not in 
the Bioneer deletion collection background suggests that the Bioneer cells may have 
adapted.  
The absence of Ofd1 in all these cells rescues the growth defect on cobalt (Fig 
B.2). This supports the hypothesis that rps402∆, rps11∆, rps15∆, and even rps18∆ cells 
fail to turn on the Sre1 pathway, and that removing the downstream negative regulator 
restores growth. 
Large ribosomal mutants are not sensitive to cobalt 
The simplest explanation for why these ribosomal protein mutants are sensitive to cobalt 
while deleting ofd1+ rescues growth is that pre-ribosomal Rps23 levels are reduced in 
these cells. My thesis work shows that Sre1N activation is sensitive to Rps23 protein 
expression. Since 40S biogenesis involves the assembly of 32 proteins in addition to 
rRNA, it is highly possible that reducing the level of one ribosomal protein affects the 
amount of pre-ribosomal Rps23. As an indirect test, I generated several large ribosomal 
protein deletions in the KGY425 background to determine if they are sensitive to cobalt. 
The large ribosomal subunit is assembled independently from the small subunit, so I 
predicted that these deletions would retain growth on cobalt if the cobalt defect is Rps23-
dependent (Kressler et al., 2017). As expected, all of the large ribosomal mutants 
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(rpl803∆, rpl23∆, and rpl3702∆) grew on cobalt (Fig B.3). This result is consistent with a 
defect in small subunit biogenesis being responsible for the cobalt growth phenotype.   
Sre1N levels are similar to WT in rps∆ cells 
Finally, I directly tested if Sre1N activity was perturbed in rps402∆, rps15∆, and rps18∆ 
cells. Since these cells are sensitive to cobalt, I anticipated reduced Sre1N levels in the 
absence of oxygen. Perplexingly, rps402∆, rps15∆, and rps18∆ cells displayed wild-type 
levels of Sre1N after incubation in the absence of oxygen for 3 hr (Fig B.4). This 
indicates that Sre1N signaling is not impaired in these cells, and this is further supported 
by the increase in the Sre1 precursor under anoxia since Sre1N transcriptional activity is 
responsible for this up-regulation. 
DISCUSSION 
In this appendix, I show that several small ribosomal protein deletions display cobalt 
growth defects similar to, but less severe than, rps23∆ and rps2302∆ cells (Fig B.2-3). 
These mutants were not identified in previous cobalt screens, likely due to the stringent 
criteria for cobalt-sensitivity in those studies. The cobalt growth defects are rescued when 
ofd1+ is deleted and are specific to small ribosomal proteins. Since my thesis work found 
that Rps23 forms a complex with Ofd1 to control Sre1N activity, and Sre1N activity is 
required for cobalt growth, the most obvious mechanism by which these small ribosomal 
protein mutants affect cobalt growth is through Rps23 (Lee et al., 2007). Surprisingly, 
rps402∆, rps15∆, and rps18∆ cells have normal Sre1N levels despite their sensitivity to 
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cobalt. More experiments need to be conducted to resolve these seemingly conflicting 
results.  
First, if the cobalt growth defect of rps∆ cells is due to Rps23, then these mutants 
are predicted to have abnormal levels of pre-ribosomal Rps23. Altered pre-ribosomal 
Rps23 levels are expected to affect the availability of Ofd1 under elevated cobalt 
conditions, which in turn impacts Sre1N signaling. And while the low oxygen assay 
showed that rps402∆, rps15∆, and rps18∆ cells have normal Sre1N levels at the 3 hr 
minus oxygen time point, it remains to be determined if the dynamics of Sre1N activation 
are normal (Fig B.4). Measuring the appearance of Sre1N over time may reveal slight 
differences that are masked at 3 hr minus oxygen. Whether small ribosomal mutations 
apart from rps23∆ and rps2302∆ can influence Sre1N signaling remains unclear, but 
these preliminary results support the model that ribosome biogenesis can signal to Sre1.  
Despite the clearly defined role of Rps23 in the Sre1 pathway, it is possible that 
the cobalt phenotype of small ribosomal protein deletions is Rps23-independent. The 
ability of rps∆ ofd1∆ cells to grow in the presence of cobalt implies that Sre1N activity is 
limiting in rps∆ cells. However, the absence of data showing reduced Sre1N signaling 
suggests that Ofd1 may have additional functions downstream of Sre1N transcriptional 
activity.  
Regardless of the mechanism behind the cobalt sensitivity, perhaps the most 
striking result from these experiments is that newly generated rps18∆ cells display 
growth defects on cobalt that are not present in rps18∆ cells from the Bioneer deletion 
collection. This suggests that the Bioneer strain has adapted to the loss of rps18+ while 
the newly generated strain has not. But the adaptation does not affect the growth of 
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rps18∆ cells on rich medium so the cobalt phenotype is independent from overall cell 
growth. This baffling finding raises the immediate question of whether all small 
ribosomal gene deletions cause cobalt sensitivity. Given the random choice of rps18∆ 
cells to serve as a positive control for growth in the presence of cobalt, it is unlikely that 
this result is specific to rps18+. Taken together, these data show that disruptions to small 
ribosomal protein expression are manifested by sensitivity to cobalt.  
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FIGURE LEGENDS 
Figure B.1. Small ribosomal mutants are sensitive to cobalt 
 (A) Original screen with indicated strains from the Bioneer haploid deletion collection. 
Cells (left to right: 3125, 312, 31) were grown on rich medium or rich medium containing 
1.6 mM cobalt chloride for 5 days. (B) Indicated strains from Bioneer haploid deletion 
collection were grown (5000 cells/spot) on rich medium (3 days) and rich medium 
containing 1.6 mM cobalt chloride (CoCl2) (4 days). Shown are representative images 
from one of two independent experiments. 
Figure B.2. Deletion of Ofd1 rescues cobalt growth defects in rps∆ cells 
Indicated strains in the KGY background were grown (3125 cells/spot) on rich medium 
(3 days) and rich medium containing 1.6 mM cobalt chloride (CoCl2) (4 days). Shown are 
representative images from one of two independent experiments. 
Figure B.3. Large ribosomal mutants are not sensitive to cobalt 
Indicated strains in the KGY background were grown (5000 cells/spot) on rich medium 
(2.5 days) and rich medium containing 1.6 mM cobalt chloride (CoCl2) (4 days). Shown 
are representative images from one of two independent experiments. 
Figure B.4. Sre1N levels are similar to WT in rps∆ cells 
Indicated cells were cultured in rich medium in the presence or absence of oxygen for 3 
hr. Whole cell extracts (50 μg) were analyzed by immunoblot with antibodies against 
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Sre1. P=precursor; N=nuclear. Shown is a representative blot from one of two 
independent experiments. 
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Table B. Yeast strains 
Strain Genotype Source Figure(s) 
KGY425 h
- his3-D1 leu1-32 ura4-D18 
ade6-M210 ATCC B.2; B.3; B.4 
PEY1801 h
- his3-D1 leu1-32 ura4-D18 
ade6-M210 ofd1Δ::natMX6 this study B.2 
PEY522 h
- his3-D1 leu1-32 ura4-D18 
ade6-M210 sre1Δ::kanMX6 
Hughes et al., 
2005 B.2; B.3 
PEY1803 h
+ his3-D1 leu1-32 ura4-D18 
ade6-M210  rps2302Δ::natMX6 this study B.3 
ED666 h+ leu1-32 ura4-D18 ade6-M210 Bioneer B.1B 
PEY1804 h
- his3-D1 leu1-32 ura4-D18 
ade6-M210  rps23Δ::natMX6 this study B.2; B.3 
rps23Δ 










+ ade6-M210 or ade6-M216 
ura4-D18 leu1-32 sre1Δ::kanMX4 Bioneer B.1B 
rps11Δ 















- his3-D1 leu1-32 ura4-D18 
ade6-M210 rps402Δ::kanMX4 this study B.2; B.3; B.4 
SCY163 h
- his3-D1 leu1-32 ura4-D18 
ade6-M210 rps15Δ::kanMX4 this study B.2; B.3; B.4 
SCY164 h
- his3-D1 leu1-32 ura4-D18 
ade6-M210 rps18Δ::kanMX4 this study B.2; B.3; B.4 
WSY455 
h? his3-D1 leu1-32 ura4-D18 
ade6-M210 rps23Δ::natMX4 
ofd1Δ::kanMX6 this study B.2 
            165
Strain Genotype Source Figure(s) 
SCY222 
h- his3-D1 leu1-32 ura4-D18 
ade6-M210 sre1Δ::kanMX4 
ofd1Δ::natMX6 
this study B.2 
SCY223 
h- his3-D1 leu1-32 ura4-D18 
ade6-M210 rps402Δ::kanMX4 
ofd1Δ::natMX6 
this study B.2 
SCY224 h
- his3-D1 leu1-32 ura4-D18 
ade6-M210 rps11Δ::kanMX4 this study B.3 
SCY226 
h- his3-D1 leu1-32 ura4-D18 
ade6-M210 rps15Δ::kanMX4 
ofd1Δ::natMX6 
this study B.2 
SCY227 
h- his3-D1 leu1-32 ura4-D18 
ade6-M210 rps18Δ::kanMX4 
ofd1Δ::natMX6 
this study B.2 
SCY228 h
- his3-D1 leu1-32 ura4-D18 
ade6-M210 rpl803Δ::kanMX4 this study B.3; B.4 
SCY229 h
- his3-D1 leu1-32 ura4-D18 
ade6-M210 rpl23Δ::kanMX4 this study B.3; B.4 
SCY230 h
- his3-D1 leu1-32 ura4-D18 
ade6-M210 rpl3702Δ::kanMX4 this study B.3; B.4 
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